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Abstract 
 
Roller compaction is a dry agglomeration process which uses high 
stresses to bond powder particles together to form an agglomerate 
(ribbon). The dominant bonding mechanism that occurs depends on the 
compressibility, deformation and fragmentation characteristics of the 
material. For amorphous materials these properties vary significantly 
with water content and temperature. The particle bonding mechanisms in 
an agglomerate govern its physical properties such as the strength and 
porosity. These properties influence the agglomerates characteristics, 
such as the dissolution time, which are so important to industry. 
However, it is difficult to ascertain which bonding mechanism is 
dominant in a particular agglomerate at this micro level.   
One of the aims of this work was to try to determine the dominant particle 
bonding mechanism occurring in an amorphous ribbon. The bonding 
mechanisms were determined by following the physical characteristics of 
the ribbon, using a novel ball milling method, and by using SEM imaging. 
An increase in powder temperature was recorded using a thermal camera 
and was shown to be directly related to the stress applied to the material. 
This causes sintering between particles, depending on the water content 
of the material, causing solid bonding, which is then the dominant 
bonding mechanism.  
This information was used to produce a map which outlines the 
conditions required to achieve certain dominant mechanisms, and 
therefore, physical characteristics. This can be utilised and developed by 
industry as a method of predicting the physical characteristics of an 
amorphous agglomerate prior to production.  
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Nomenclature 
 D Roller diameter (m) 
K Compressibility factor 
σ Normal stress (Pa) 
σ0 Maximum normal stress (Pa) 
Rf Roller force acting on the powder (N/m) 
S Roller gap (m) 
W Roller width (m) 
α Nip angle (°) 
Øw Angle of wall friction (°) 
θ Angular roll position (°) 
σθ Normal stress at θ=θ (Pa) 
σα Normal stress at θ=α (Pa) 
µ Friction coefficient 
δE Effective angle of internal friction (°) 
ν Angle between tangent of roller and principle stress (°) 
Q Roll force factor 
θh Angular position at which feed pressure is applied (°) 
C,B Fitting parameters in BET equation 
KGT Gordon and Taylor constant 
W´ Water content (dry basis) 
Ww Water content (wet basis) 
h Height of theoretical slab (m) 
τf Frictional stress (Pa) 
Y Yield stress (Pa) 
p Normal pressure (Pa) 
d Crevice depth on the roller surface (m) 
ρ Density (kg/m3) 
aw Water activity 
Tg Glass transition temperature (°C) 
Tgs Glass transition temperature of the material with no 
water (°C) 
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Tgw Glass transition temperature of water (°C) 
T Temperature (°C) 
x Bridge diameter (m) 
a Particle size (m) 
t Time (s) 
ɣ Surface tension (mN/m) 
Ft Force pressing particles together (N) 
   Viscosity of the material in the glassy state (Pa.s) 
Fmax Maximum recorded force at ribbon breakage (N) 
h Ribbon thickness (m) 
l Distance between the fulcrums during three point 
bend test (m) Vα Volume of aterial in the nip region (m
3) 
Vθ Volume of material in the nip region (m
3) 
ε Thermal emissivity  
xc Fragment size related to the volume-fraction at 63.2% 
(µm) m Fitting parameter in Weibull distribution equation 
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Chapter 1 – Introduction 
 
1.1 Granulation 
 
Granulation is a size-enlargement process whereby primary particles are 
agglomerated together, usually in the presence of a binder, where the 
original particles are still distinguishable. Granulation is a common 
process in many industries, such as food and pharmaceutical, as it 
transforms raw ingredients, usually in the form of powders, into granules.  
This is useful as although the powder particles are the important 
ingredients, they have many poor properties which restrict them from 
being used and sold in industry as individual powders in one blend. The 
reasons for this is that when powder particles are mixed together they do 
not do so uniformly and tend to segregate due to physical differences such 
as size, shape and density. An example of this was shown by (Hong, Quinn 
et al. 2001) and is well known as the Brazil nut effect; this obviously effects 
industries which require uniform blends of powders, such as food.  
Small powder particles are also difficult to transport at high flow rates 
under the influence of gravity forces due to their microscopic size and 
their tendency to be rather cohesive. This makes them extremely 
susceptible to bridging and caking.  Also, the transport of these bulk 
powder particles creates a lot of dust which can be difficult to handle and 
dangerous if exposed too.  
The agglomerates (commonly known as granules) formed from the 
granulation process can help to rectify or at least reduce these problems. 
Granules have the advantage of containing the original powder particles 
whilst having much improved characteristics. This means that they can 
then be sold as a profitable product or they can be sent for further 
processing before being sold. Granules can be produced with a particular 
size tailored to suit individual specifications, as well as having a tight size 
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distribution to prevent further segregation of the product. Due to their 
increased relative size the granules have little problem flowing freely 
(Palzer 2007) and the reduced amount of fines limits the amount of dust 
produced.  
As well as helping to resolve the issues such as flowability and dust 
control, agglomeration processes also help to control other properties, 
such as porosity and density, of the material which are extremely 
important as they influence characteristics such as dissolution and 
dispersion rates. The control of these is essential in the food industry 
which supplies products that have the main objective of completely 
dissolving rapidly.   
1.2 Wet and Dry Granulation 
 
The two methods of granulation are wet and dry. In wet granulation a 
liquid binder is added to the process providing viscous bridges and 
capillary forces which cause the primary particles to stick together to 
form granules. In dry granulation, due to there being no liquid involved, 
the powders must be compressed together to agglomerate them; this can 
be done with or without a binder present. In many industries these 
granules then go on to be tabletted to produce a uniform product. 
However, direct compression of powders into tablets is also possible. 
This is where dry granulation is an important process with a huge 
potential, especially in the food industry, as it holds many advantages 
over the conventional wet granulation as there is no requirement for a 
liquid binder. This reduces the cost of processing quite substantially as 
drying of the material is not required, which takes time and consumes a 
considerable amount of energy. Also, pre-processing of the liquid is 
therefore not required either. Dry granulation is also advantageous when 
using moisture sensitive materials. This is certainly applicable in the food 
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industry with certain types of food, or the pharmaceutical industry when 
the active ingredient is not stable in the presence of moisture.  
1.3 Continuous Granulation 
 
Another major advantage of dry granulation is that the process can be run 
continuously rather than semi-continuous or as a batch operation 
commonly found in wet granulation (Kleinebudde 2004). Continuous 
granulation can deliver increased efficiency and at higher throughput, 
whilst at the same time being flexible. It also makes it easier to monitor 
the process and the products and removes the difficulties involved in 
scaling up processes. This means that production can be increased 
dramatically, therefore increasing profits for the industry. The usual 
method of dry granulation at present in many industries, such as food and 
pharmaceuticals, is roller compaction.  
1.4 Roller Compaction 
 
As there is no liquid added during roller compaction the particles are 
bonded together as a consequence of the high stresses acting on the 
material, similar to tabletting. However, the difference between roller 
compaction and tabletting is the magnitude of the normal and shear 
stresses applied to the material during processing. 
This process was invented in the 19th century to agglomerate coal 
screenings but now has many applications and is becoming increasingly 
popular in many different industries (Pietsch 1976). The process itself is 
relatively simple conceptually and is shown in Figure 1.1.  
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Figure 1.1 – Schematic of a roller compactor (Guigon, Simon et al. 2007) 
Feed powder is passed through a narrow gap between two counter-
rotating rolls, which are pressed together using hydraulic power so that 
the powder is subject to a high pressure. The powder is encouraged to flow 
through the gap by the friction acting at the surfaces of the rolls. To 
prevent the powder from leaking out of the sides of the rollers a cheek 
plate is placed either side of them. These cheek plates usually have a built-
in material which is in direct contact with the material. This material is 
typically produced from a material with low friction properties to aid 
powder movement (Cunningham, Winstead et al. 2010). 
The high  pressure from the rollers causes the powder to form into a 
continuous dense ribbon, also known as a flake, of material which is then 
passed on to a size reduction step where it is milled down into the 
required granule size (Guigon, Simon et al. 2007). This milling step means 
that the final granule product size can be set to specifications and that the 
size distribution will be uniform.   
As roller compaction is a dry process it has the added advantage of being 
suitable for moisture sensitive materials, which are often used in the food 
industry, as moisture can effect stability and storage of such materials 
(Kleinebudde 2004). It is also suitable for materials that have a low 
melting point or are easily degradable by heat, if used under low 
compaction pressures. At high pressures, however, it has been shown that 
S lip  reg ion
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the stresses involved can produce heat, which could damage or alter the 
material (Guigon, Simon et al. 2007; Osborne, Althaus et al. 2013). 
The roller compaction process is usually thought of as having three 
different regions by which the powder passes through. These are known as 
the slip, nip and release regions and are shown in Figure 1.1. The slip 
region, also known as the entry region, is identified by the entry angle (θh). 
As suggested by the name, a significant amount of slipping occurs between 
the feed material and the roller surfaces. In this region there is little 
pressure exerted on the material and particles rearrange themselves. De-
aeration of the material also occurs as the particles move through the 
region, this can have a significant effect on the quality of the ribbon as air 
prevents powder compaction. A vacuum is often used in modern roller 
compactors to facilitate removing the air from the powder. Another factor 
affecting how the material behaves in this region is the friction between 
particles (Inter-particular friction) as well as the friction between the 
material and the wall.  
The end of the slip region and the start of the nip region is defined by the 
nip angle (α); this is where the material becomes ‘nipped’ and there is no 
relative motion between the feed material and the rolls. Material 
densification occurs as it is moved through the region where the gap 
width between the rollers gradually becomes smaller and the normal 
stress increases. The point at which the gap width is smallest is known as 
the neutral angle. It is usually the point at which the maximum normal 
stress applied to the material occurs, see Figure 1.2, although not always 
as other factors such as wall slip can affect it (Guigon, Simon et al. 2007). 
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Figure 1.2 - Stress distribution in the nip region with 10 degree nip angle 
(horizontal feed) (Guigon, Simon et al. 2007) 
The neutral angle (zero degrees vertically) marks the end of the nip region 
and the start of the release region where the roll gap width starts to 
increase in size again, therefore releasing the now compact material. The 
size of this region depends upon the roll speed, the rate at which the 
compact is released and the stored elastic strain in the material. It is 
worth noting that due to this stored elastic strain that the compact can 
increase in size after being released and, therefore, have a greater 
thickness than the roller gap width (Johanson 1965).  
1.5 Roller Designs 
 
Although in principle the theory is the same for all roller compactors, 
manufacturers have produced different configurations and designs, see 
Figure 1.3 (Guigon, Simon et al. 2007). The conventional design was to have 
the rollers mounted in a fixed horizontal position using gravity to 
constantly feed material between them. However, the disadvantages of 
this design are that a) the pressure applied to the material could not be 
controlled and b) depending on the flowability of the material, it is not 
always guaranteed that a constant flow of material will be passed to the 
rollers.  
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Figure 1.3 – Different roller compaction feeding configurations (A and (i) 
show gravity fed systems whilst B,C (ii) and (iii) show screw fed systems 
(Guigon, Simon et al. 2007) 
To overcome the first issue, a design which meant that one of the rollers 
was movable, i.e. not in a fixed position, was introduced. By being able to 
vary the gap between the rollers means that i) the amount of material 
being processed can be altered whilst keeping a constant ribbon porosity 
and ii) the stress applied to the material can be controlled.  Being able to 
produce a ribbon with a constant porosity is important as it is a requisite 
for quality control as it affects other characteristics of the product, i.e. the 
dissolution time (Bultmann 2002). At the same time, being able to control 
the stress applied to the material is important as this has the largest 
affect on ribbon physical properties, such as their strength and porosity.  
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Chapter 2 – Literature Review 
2.1 Stresses in Roller Compaction 
2.1.1 Predictive Models 
Understanding the theory of any process is essential when trying to 
design, optimise and control that process. The advantage in the roller 
compaction process is there are fewer variables to consider when 
compared to more conventional wet granulation processes. The most 
important parameter to consider for roller compaction is the stress 
applied to the material as this has the largest influence over the physical 
properties of the ribbons produced (Guigon, Simon et al. 2007). Therefore, 
the ability to predict the stress profile for roller compaction is key to 
improving the overall understanding of the process. As well as 
contributing to the understanding of the process, the advantage of any 
predictive tool is to reduce the amount of effort (and therefore money) 
required for experimental trial and error. Of course experimental 
validation is always required for any model, however, validation is likely 
to be significantly less effort than a complete experimental investigation. 
Although a relatively simple process, the modelling of roller compaction 
is still challenging for a number of reasons. The first reason is due to the 
complex geometry between the powder feeding system and the rollers.  
The second reason is that it involves powder particles, which by 
themselves exhibit complex behaviour due to their non-uniform size and 
shape. The third reason is that it is difficult to measure the interaction 
between the powder and the roll surface, especially when taking into 
consideration the changing process variables and environmental 
conditions. Nevertheless, a variety of different predictive models have 
been produced in increasing numbers as the popularity of roller 
compaction increases.  
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The first predictive model was proposed by J.R. Johanson in 1965. The 
theory is based on the Jenike yield criteria for steady state particle flow in 
silos and hoppers (Jenike 1959). The model looks at splitting the feeding 
zone into two parts and uses three different physical characteristics of the 
materials, as well as the roller geometry, to calculate the normal stress 
distribution through the rollers. The three physical characteristics are the 
namely the angle of wall friction, ϕw, the angle of internal friction, δ, and 
the compressibility factor, K.  This limited number of inputs means it is 
fairly easy to use. However, the model makes three main assumptions; i) 
that there is no loss of material through the roller process, ii) there is no 
relative movement between the material at the wall and the wall in the 
nip region, iii) that there is no elastic unloading of the material when 
exiting the roller compactor.  
The most debatable assumption of the three, that there is no slip between 
the material and the rollers in the nip region, was proved to be valid by  
(Schönert and Sander 2002) who used a sensor in a lab-scale mill to 
measure the shear stress during roller compaction of calcite. They show 
that the shear-stress ratio in the nip region was smaller than the 
coefficient of external friction. It was shown that slip only occurs between 
the material and the roller very close to the roller outlet.  
Johanson’s paper discussed the new theory as well as demonstrated the 
theoretical effects of varying the roller geometries and the three powder 
physical characteristics on the nip angle and roll pressure. Although there 
was no experimental validation carried out by Johanson, it was still 
reviewed as being a model that allowed engineers to confidently analyse 
the relationship between process variables and the properties of the 
agglomerates (Dec, Zavaliangos et al. 2003).  
Another mathematical model, known as the ‘slab’ model, developed to 
predict the stress distribution and powder densification during 
compaction was presented by (Katashinskii and Shtern 1983; Katashinskii 
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and Shtern 1983). It was developed for use in the metal processing 
industry and used a similar method to Johanson of splitting up the 
compaction zone, this time into trapezoidal slabs, see Figure 2.1 (Dec, 
Zavaliangos et al. 2003).  
 
 
Figure 2.1 – Stresses involved in the compaction zone of a roller 
compactor (Dec, Zavaliangos et al. 2003)  
By balancing the forces around the slab, an equilibrium equation for the 
stress in the x direction, σx, can be obtained and is shown in Equation 2.1 
      
  
                
(2.1) 
 
Where h is the height of the slab, p is the normal pressure, τf  is the 
frictional stress and is dependent on either the yield stress, Y(ρ), or the 
coefficient of friction, µ(p), depending on which one is smaller. Therefore,  
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                              (2.3) 
 
The yield stress, Y(ρ), can be obtained from compression tests of the 
material whilst the coefficient of friction, µ(p), can be obtained using an 
annular shear tester (Dec, Zavaliangos et al. 2003).  
The stress distribution can then be predicted, but only after initial powder 
experiments and certain assumptions are made. Both the position of the 
neutral plane and the nip angle need to be obtained from experimental 
data, whilst the initial porosity and stress conditions are assumed. The 
material density throughout the compaction process at each step can 
then be determined by using the compression data and the corresponding 
stress. The initial stress conditions are then altered until the exit density 
is equal to that of the experimental ribbon.  
It is clear that the drawback of this model is the need for experimentally 
measured values which reduces its predictive capabilities. An attempt at 
validating the model was carried out by fitting a roller compactor with a 
strain gauge pressure transducer on the roll surface (Dec, Zavaliangos et 
al. 2003). A comparison between calculated stresses and experimentally 
measured stresses showed a good agreement for some materials, e.g. 
lignite, with bigger discrepancies for others, e.g. sodium chloride. In total, 
seven different materials were tested to validate the model. 
Unfortunately, there were inconsistencies in almost all of them with five 
over predicting the stress and the other two under predicting the stress. 
The model was, therefore, not validated.  
A similar model, known as the thin layer model, was suggested by Peter, 
Lammens et al. (2010). The model was based on the assumption that the 
deformation of powder during tabletting could be transferred to the roller 
compaction process. The nip region was split into thin layers of equal size. 
Assuming no material is lost from this region and that the pressure 
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applied across this region is known, then the force applied to each layer 
can be calculated. Using the pressure-density relationship of the material, 
previously obtained from tabletting experiments, means the overall 
densification of the material can be obtained. Ribbons of different 
materials were produced using a Macro-pactor roller compactor with 250 
mm diameter smooth rollers. A comparison was then made between 
measured ribbon densities and predicted values using the thin layer 
model. Results varied depending on the densification properties of the 
material, however, a deviation of less than ±10% was suggested to be good 
enough for industrial use. However, the disadvantages of the model are i) 
the fact that experimental data in the form of a pressure-density curve is 
required and ii) the difficulty in interpreting the compression data (Peter, 
Lammens et al. 2010).  
2.1.2 Computer Modelling 
The most recent model/tool used to be able to predict the stress during 
the roller compaction process is computer simulation. The first approach 
that was used, which is commonly used to simulate other granulation 
processes, is known as DEM (Discrete Element Modelling)(Tsuji, Tanaka et 
al. 1992). This uses the Hertz theory to solve momentum equations to 
simulate particle-particle motions and contacts. It provides information 
such as particle velocity and contact forces. 
Odagi, Tanaka et al. (2001) used this model with the inclusion of an 
adhesion force between particles to mimic the cohesiveness of the 
powder. They simulated the flow of powder through a roller compactor for 
two seconds using the assumptions that the particles were spherical and 
were all the same size. They found a significant difference between the 
simulation with and without the additional adhesion force. It was 
observed that only when the adhesion force was included did the rollers 
compress the powder to form a compact. They also showed that an 
increase in roll speed increased the amount of powder throughput which 
agreed with other experimental data. However, there was a considerable 
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difference in the simulation and experimental stress distributions both 
with and without the inclusion of the adhesion force. This was attributed 
to the spherical particles assumption and the fact that air was neglected 
in the simulation.  
The second approach, which is more common in dry powder processes, is 
FEM (Finite Element Modelling). Its capabilities means it can be used to 
analyse the deformation behaviour of powder particles during 
compaction processes, such as tabletting and roller compaction. Dec, 
Zavaliangos et al. (2003) used a 2D Finite Element Model developed using 
the commercially available ABAQUS code. The simulation was a 
horizontally screw fed roller compactor with a 100 mm roll diameter and a 
set gap of 2 mm. They introduced a new pressure-dependent yielding 
plasticity model with linear elasticity for the material which was modified 
from the Drucker-Prager model (Chen and Baladi 1985). The model was 
based on experimental data, yield surfaces for different relative densities 
of microcrystalline cellulose, gathered from diametrical compression tests 
in an instrumented die. For the simulations it was assumed that there was 
no cohesion of the material, that the internal friction angle was 65 ° and 
that the wall friction followed the Coulomb friction law with a constant 
friction coefficient. The simulations were run until steady state 
conditions had been achieved. The aim of the work was to investigate the 
effect of varying the friction coefficient and the feed stress, on the roll 
pressure, shear stress, torque and nip angle. The feed stress represents the 
stress caused by the feeding system at the inflow boundary. The 
simulations showed that both the feed stress and the coefficient of 
friction had a significant effect on the maximum roll pressure with the 
former being shown in Figure 2.2. The work also demonstrated that both 
the roll force and torque increased with increasing feed stress and friction 
coefficient, however, no attempt to carry out an experimental comparison 
was made.  
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Figure 2.2 – Simulation results show the roll pressure plotted against the 
rolling angle for varying feed stresses (Dec, Zavaliangos et al. 2003) 
Dec, Zavaliangos et al. (2003) demonstrated that FEM is a useful tool in 
predicting process variables and it can also help with further analysis as 
models can be constantly adjusted and improved. They stated that the 
biggest challenge remaining was to obtain an improved material model 
that would better describe the behaviour of the powder during the 
compaction process. They also stated that it would be desirable to move 
into 3D modelling.  
All of the models discussed above have the ability to predict material 
densities and roll pressures for roller compaction, with some more 
accurate than others. However, Johanson’s model is relatively simple and 
has been experimentally validated by a number of authors 
(Bindhumadhavan, Seville et al. 2005; Muliadi, Litster et al. 2012; 
Nesarikar, Patel et al. 2012a).  
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Bindhumadhavan, Seville et al. (2005) used a purpose built gravity fed 
laboratory scale roller compactor, equipped with a piezoelectric pressure 
transducer to obtain the normal stress distribution during the roller 
compaction of microcrystalline cellulose. They then measured the three 
physical characteristics of the material, the compressibility, wall friction 
and effective angle of internal friction, to be able to use Johanson’s model 
to theoretically calculate the stress distribution. A comparison between 
the experimental and theoretical results showed good agreement for a 
range of gap sizes, see Figure 2.3.  
 
Figure 2.3 – A comparison of experimental and theoretical stress profiles 
calculated using Johanson’s theory for varying gap sizes 
(Bindhumadhavan, Seville et al. 2005) 
A more recent comparison was carried out by Muliadi, Litster et al. (2012), 
who compared theoretical data from Johanson’s model to data obtained 
from 2D FEM simulations. The authors found that in general the nip 
angles predicted from both Johanson’s model and the simulation followed 
the same trend but that the Johanson model predicted larger normal 
stresses. It was found that the two models agreed better when the material 
was more compressible, had a lower effective angle of internal friction and 
there was a higher wall friction value. 
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It was also more recently validated again in the work of Nesarikar, Patel et 
al. (2012a) who used the model during process development with the aim 
of scaling up from one roller compactor to another. This time the 
theoretical data was compared to experimental data produced in a 
horizontally screw fed roller compactor and it again showed good 
agreement. As well as these papers showing the accuracy of the model it is 
the fact that it only requires three measureable material parameters that 
makes it more appealing than the other methods. It was indicated by 
Bindhumadhavan, Seville et al. (2005) that the main weakness in the 
model was the need for an accurate estimation of the nip stress in order to 
obtain the complete stress distribution.  However, this is not an issue for 
more modern roller compactors which have the ability to 
measure/control the hydraulic force between the two rolls. The Johanson 
model was, therefore, selected to be used in the work for this thesis.  
2.1.3 Johanson Theory 
As previously mentioned, Johanson’s theory was the first model capable 
of predicting the stress distribution during roller compaction of a 
granular solid. The theory assumes that the material is isotropic, 
frictional, cohesive and compressible. It uses the concept that the 
compaction zone is split into two regions, the ‘slip’ and the ‘nip’ region. It 
is based on the Jenike yield criteria for bulk solids proposed by Jenike 
(1959), used for particle flow in silos and hoppers. It is also assumed that 
the powder obeys the effective yield function. The plane-strain and the 
plane-stress conditions for the powder can be obtained using the effective 
yield function, see Figure 2.4.  
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Figure 2.4 – Jenike-Shield yield criterion (Bindhumadhavan, Seville et al. 
2005) 
The effective yield locus and the wall yield locus can be described by the 
effective angle of internal friction, δE, and the angle of wall friction,   , 
respectively. These are obtained experimentally by using a ring shear 
tester.  
Johanson combined the yield locus with equilibrium equations to give a 
hyperbolic system of partial differential equations. These equations can be 
solved using certain boundary conditions related to the two compaction 
regions. One boundary condition is the relationship between the 
tangential and normal forces at the roll surface, which can be given by the 
wall yield locus. Johanson showed that, if it is assumed that in the ‘slip’ 
region the powder and the roller slide past each other, the pressure 
gradient in this region can be given by Equation 2.4 (Johanson 1965).  
  
  
  
  
    
 
             
 
 
   
 
      
                    
 
(2.4) 
 
Where θ is the angular position at the roller surface, S is the roller gap, D 
is the roller diameter, α is the nip angle and the parameter A is 
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Where v, the acute angle between the tangent to the roll surface and the 
direction of σ1, the principal stress, is 
  
 
 
        
     
    
     
And 
(2.6) 
 
  
 
 
 
 
 
 
(2.7) 
The pressure gradient in the nip region, assuming no relative movement 
between the powder and the rollers, is given by Equation 2.8 (Johanson 
1965) 
  
   
  
 
   
 
                 
 
  
 
     
 
            
 
(2.8) 
 
Where d is the depth of the crevices on the roller surface and K is the 
compressibility factor of the material. The compressibility factor can be 
found by compressing the material using a vertical uni-axial stress and 
obtaining the relationship between the uni-axial stress,  , and the bulk 
density,    of the material formed, see Figure 2.5. This is best done using a 
uni-axial stress similar to that found during the roller compaction 
process. The compressibility factor can then be calculated using Equation 
2.9. 
            
   
 
 
(2.9) 
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Figure 2.5 – The relationship between uni-axial stress and compact 
density (Bindhumadhavan, Seville et al. 2005) 
Johanson suggested that the point at which the pressure gradients (d/dx) 
in the two regions are equal represents the nip angle, α, see Equation 2.10. 
             
 
 
   
 
      
                    
 
                 
 
 
 
 
     
 
           
 
 
 
(2.10) 
This can be found from the intersection of a plot of the two gradient 
curves, shown in Figure 2.6.  
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Figure 2.6 – A plot of the pressure gradients for the two regions against 
angular position where θh is the angular position at which feed pressure is 
applied (Johanson 1965) 
Once the nip angle is obtained, and assuming that no material is lost 
between the rollers, an empirical pressure-density relationship can be 
used to obtain the stress at any given angle, θ<α, by using the change in 
volume between the nip angle, Vα, and the angle theta, Vθ, see Equation 
2.11. This can, therefore, be used to obtain the stress distribution for the 
nip region in the roller compactor.   
      
  
  
 
 
    
                
                
 
 
 
(2.11) 
 
Once the stress at the nip angle is known, the roll separating force can be 
calculated using Equation 2.12 
      
 
Where Q, a force factor, is used to scale up the stress using the 
(2.12) 
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roller compactor dimensions and the materials compressibility, K. 
 
    
                
                
 
 
  
 
      
 
 
 
 
 
 
(2.13) 
 
In summary, Johanson’s theory is able to predict the stress distribution 
during roller compaction of a material by simply knowing the roller 
compactor dimensions, (i.e. diameter, width, gap) and three material 
properties: 
1. Effective angle of internal friction, δ 
2. Compressibility factor, K 
3. Angle of wall friction,    
 
The model will be used to predict the actual maximum normal stress 
applied to the powder during roller compaction. The predicted data will 
also be compared to experimental data. It is important to know the actual 
maximum stress applied to the powder rather than a roller force as the 
area that the force is applied to is material dependent and therefore, not 
comparable.  
2.2 Materials 
2.2.1 Structure 
Both crystalline and amorphous materials are frequently used in the food 
industry. Unfortunately a difficulty faced by industry is that they behave 
differently when being processed due to their unique structures.  In a 
crystalline material the atoms or molecules are held together in a lattice 
structure and are, therefore, highly ordered.  In an amorphous material 
there is no set structure as the molecules are disordered in a matrix 
meaning there is free volume. The free volume available in a material 
allows molecular mobility and is directly related to the viscosity of the 
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material. Heating a material has a different affect on the free volume of a 
material depending on whether it is a crystalline or amorphous supra-
molecular structure (Palzer 2010). When heating a crystalline material the 
atoms or molecules start to vibrate but still maintain their position in the 
ordered lattice until a temperature is reached where the structure breaks 
down simultaneously; this is the melting point. When heating an 
amorphous material the free volume increases steadily allowing the free 
molecules more mobility and there is no defined melting temperature. At 
a certain temperature range however, clusters of molecules start to rotate 
and move past each other and the free volume increases more rapidly. 
This range is known as the glass transition temperature, Tg, where the 
amorphous material moves from its glassy state into its rubbery state 
which is much less viscous. Increasing the temperature even further 
surpasses the rubbery state and the material finally liquefies. The glass 
transition temperature of an amorphous material is always lower than the 
melting temperature of the crystalline state, if it exists (Debenedetti and 
Stillinger 2001). Also, the glass transition temperature for food materials 
is commonly relatively low (<100 °C), depending on the water content of 
the material. This can sometimes cause issues during processing but at 
the same time can be utilised in certain situations (Palzer 2007).   
2.2.2 Moisture Content 
This effect that moisture has on a material means it plays an extremely 
important role in the manufacturing process of food agglomeration. It 
therefore makes understanding the relationship between the 
environment and the moisture content of the material essential. This is 
known as the material’s hygroscopicity, and describes the tendency of a 
material to absorb water from the atmosphere. It is usually represented 
using a sorption isotherm which relates the moisture content of the 
material, at a particular temperature, to the water activity, aw, of the 
environment that it is in equilibrium with. Water activity, aw, is the 
vapour pressure of the surrounding air divided by the vapour pressure of 
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pure water at a particular temperature. At equilibrium the water activity 
of the product and the relative humidity of the air are equal (Palzer 2007). 
 
The sorption isotherm of a material can be modelled using the Brunner, 
Emmet and Teller (BET) equation (Brunauer, Emmett et al. 1938), see 
Equation 2.14. 
 
  
   
 
    
                   
 
(2.14) 
 
Where w’ is the amount of water in the material (dry weight basis i.e. mass 
of water per mass of dry powder), w’m is the water quantity required for a 
monomolecular water layer on the solid surface (dry weight basis) and C 
and B are fitting parameters (Brunauer, Emmett et al. 1938).  
 
Crystalline materials which are water-soluble hardly adsorb any water 
from the atmosphere until they completely dissolve at a specific relative 
humidity. This is dependent on the material, shown by the sorption 
isotherms in Figure 2.7. They therefore retain their rigidity up to this 
point.  
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Figure 2.7 - Sorption isotherm for crystalline and amorphous food 
materials (Palzer 2010) 
Hydrophilic amorphous materials on the other hand, have no defined 
relative humidity at which the particles will dissolve. This is because 
amorphous materials are more hygroscopic. The higher the relative 
humidity the material is stored in, the more water is adsorbed into the 
matrix and vice versa as this is a reversible process, i.e. lowering the 
relative humidity liberates moisture from within the matrix, see Figure 
2.7. This means amorphous materials do not really dissolve but instead 
acquire more liquid-like characteristics as the water has a plastifying 
effect on the matrix (Palzer 2007).  
The relative humidity therefore has a critical effect on the behaviour of 
amorphous materials, as it varies the water content in the material and 
this directly affects the glass transition temperature, Tg, aforementioned. 
The glass transition temperature can be found using Differential Scanning 
Calorimetry which finds the phase transition by following changes in heat 
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flow with temperature. The midpoint of this transition is then plotted and 
the data is fit using the Gordon and Taylor equation, Equation 2.15 
(Gordon and Taylor 1952). 
 
   
                 
          
 
(2.15) 
 
Where Ww is the water content (wet weight basis), Tg,s is the glass 
transition temperature of the material with no water, Tg,w is the glass 
transition temperature of water and KGT is the Gordon and Taylor 
constant (KGT=5.2).  
An increase in moisture content reduces the glass transition temperature, 
causing the material to move into its rubbery state, i.e. a much lower 
viscosity. It is important to understand when this will occur as this 
reduction in viscosity can be used to optimise processes where this 
transition is necessary. However, it can also cause problems, such as 
caking, when processing and handling powders. 
2.2.3 Caking and Sintering 
Caking occurs in a bulk material when the powder particles stick together. 
Caking can occur for both crystalline and amorphous materials, however, 
it more commonly occurs for amorphous materials as they move close to 
their glass transition temperature, see Figure 2.8.  
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Figure 2.8 – The glass transition and relationship with water content and 
temperature for an amorphous material (Fitzpatrick, Descamps et al. 
2010) 
Previous studies have been carried out to investigate the caking 
behaviour of materials (Roos and Karel 1991; Foster, Bronlund et al. 2006; 
Fitzpatrick, Descamps et al. 2010). Caking occurs due to increased relative 
humidity in the air or an increase in temperature. The particles then 
become sticky as their surface viscosity reduces usually at a temperature 
around 10-20 °C  above the glass transition temperature but is material 
dependent (Roos and Karel 1991). The particles then touch and stick 
together and the low viscosity of the surface means the material can flow 
between particles causing a mechanism known as sintering. The rate at 
which the sinter or material bridge develops is dependent on the 
temperature difference (T-Tg) between the glass transition temperature, 
Tg, and the material temperature, T (Foster, Bronlund et al. 2006). This 
bridge can become relatively strong if the material then moves back into 
its glassy state through cooling or drying. If this occurs in a bulk material 
it can produce one large powder cake which needs an external force to 
break (Fitzpatrick, Descamps et al. 2010). Caking can occur for crystalline 
materials but not through the sintering mechanism. It will occur only if 
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capillary condensation occurs when particles come into contact causing 
dissolution of the solid which creates a liquid bridge which then solidifies 
(Palzer 2010).  
According to Hartmann and Palzer (2011) the initial phase of the sintering 
mechanism for amorphous materials can be modelled and consequently 
predicted using Equation 2.16.  
 
 
 
 
 
   
 
 
 
 
 
   
    
 
 
  
    
   
  
           
              
(2.16) 
 
Where x is the size of the bridge diameter, a is the particle size, t is the 
time available for sintering,    is the surface tension, Ft is the force used to 
press particles together,    is the viscosity of the material in its glassy 
state, Tg is the glass transition of the material, T is the temperature of the 
material and B and C are fitting parameters from the Williams–Landel–
Ferry (WLF) equation (Roos 1995). From this equation a value of (x/a) >0.1 
is required for adhesion between particles, i.e. sintering (Wallack and 
King 1988). If the ratio becomes 1 then the material will become a uniform 
material where the individual particles are no longer distinguishable, see 
Figure 2.9. 
 
Figure 2.9 – Schematic showing sinter bridge ratio (Palzer 2011) 
The study by Hartmann and Palzer showed that there was reasonable 
agreement with experimental work investigating the rate of sinter bridge 
formation between two amorphous particles. The disadvantages of the 
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model are the fact that it is only valid for the initial stages of sintering and 
it assumes the particles are spherical, which is not the case in reality.  
As well as for caking, it has been suggested that the sintering mechanism 
could also occur during the compaction of powders (Palzer 2007). At 
contact points between particles extremely high localised stresses will 
occur, which may create heat and, therefore, an increase in temperature. 
This could cause the material at this point to surpass its glass transition 
temperature and cause the particles to sinter. If this did occur and the 
heat dissipated or the material dried then solid material bridges would be 
created throughout the whole agglomerate. These bonds will create a 
strong agglomerate in comparison to other bonds (Rumpf 1962).  
Although the sintering model presents a step forward in predicting 
sintering kinetics it is not possible to use it to predict sintering occurring 
during bulk powder experiments. This is because it would be difficult to 
take into account multiple particle interactions and also a lot of the 
variables would become time dependent, i.e. force, temperature and 
viscosity, which make it very complicated. Consequently, the only way of 
determining if sintering has occurred between particles at present is 
through physical experimentation.  
2.2.4 Bonding Mechanisms in an Agglomerate 
During dry agglomeration primary powder particles are forced together 
under high stresses. The type of bonding which is dominant in holding the 
agglomerate together will have a significant influence over the 
agglomerate’s properties, such as the strength, porosity and dissolution 
time. From previous literature there are three generally accepted bonding 
mechanisms which would cause particles to adhere together to form 
agglomerates during dry agglomeration (Rumpf 1962; De Boer, Bolhuis et 
al. 1978):  
 
1. Attractions between solid particles (Van der Waals forces) 
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2. Solid bridges (Due to sintering, melting, crystallization) 
3. Shape related bonding (Interlocking forces) 
 
The different types of bonds have different relative bond strengths and it 
is recognised that most commonly, solid bonding between particles is the 
strongest, see Figure 2.10 (Rumpf 1962; De Boer, Bolhuis et al. 1978; 
Adolfsson, Olsson et al. 1997).  
 
 
Figure 2.10 – Suggested bond types and their theoretical strengths in 
relation to particle size (Rumpf 1962) 
Understanding which bonding mechanism is dominant and how it affects 
the properties would allow product engineers to be able to design an 
agglomerate and reduce trial and error experimentation. However, 
determining why and when certain bonding mechanisms occur is still not 
well established. Previous work has looked into studying bonding 
mechanisms during the compaction of materials but have all shown 
limitations (De Boer, Bolhuis et al. 1978; Bhatia and Lordi 1979; Nyström 
and Karehill 1986; Nystrom, Alderborn et al. 1993; Olsson, Adolfsson et al. 
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1996; Olsson and Nyström 2001). Most of these have used different 
approaches to distinguish between inter-particle forces, Van der Waals 
forces and solid bridges.  
 
One technique was to use conductance measurements of compacts, 
however, the results were limited due to the conductance of materials 
(Bhatia and Lordi 1979). Another technique was to use magnesium 
stearate as a barrier to prevent Van der Waals forces, however, it was 
found that the lubricant unfairly affected the force distribution and, 
therefore, the compaction process (De Boer, Bolhuis et al. 1978). Work 
carried out by Nyström and Karehill (1986) attempted to use gas 
adsorption and air permeametry to measure the internal surface of 
compacts to explain the bonding mechanisms. However, for dense 
compacts it was thought that the size of the gas molecules might be 
greater than the distance between the particles; this led to some 
uncertainty in the results. A more recent study looked into compacting 
material in liquids with different dielectric constants to filter out Van der 
Waals forces (Olsson, Adolfsson et al. 1996). However, it was noted that 
this method was not suitable for some materials and also that there was a 
similar problem to the previous work in that the liquid could not 
penetrate all the void space.  
  
It was, therefore, decided that one of the aims of the work undertaken in 
this thesis was to try and determine the dominant bonding mechanism 
occurring in ribbons produced using roller compaction. This would be 
done by using a new approach which looked into the fragmentation 
behaviour of the ribbons.  
2.3 Effect of Moisture on Bulk Powder 
2.3.1 Compaction 
Although no liquid addition occurs during dry granulation processes, 
such as roller compaction, the moisture content of the material prior to 
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processing is still a variable which should be considered. This is because 
the amount of moisture in a bulk powder material can have a significant 
effect on its properties, which can subsequently affect its processing 
behaviour and, therefore, the properties of the final product.  
Previous work has been carried out to study the effect of water content on 
the compressibility of materials and the properties of the tablets formed 
(Li and Peck 1990; Ollet, Kirby et al. 1993; Mollan and Celik 1995; Sebhatu, 
Ahlneck et al. 1997; Steendam, Frijlink et al. 2001). Ollet, Kirby et al. (1993) 
compared the compaction behaviour of crystalline and amorphous food 
materials with varying water contents. The amorphous materials’ water 
content was varied using vapour phase sorption through the use of salt 
solutions with different relative humidities. The crystalline materials’ 
water contents were varied by spraying different amounts of water onto 
the material prior to compression. The difference in addition method here 
is due to the fact that water-soluble crystalline materials adsorb nearly no 
water until they completely dissolve at high relative humidities. 
Therefore, the water has to be added through spraying. All the materials 
were then compacted using a purpose built instrumented rig. The results 
showed that for all materials the deformation stress decreased with 
increasing water contents. For the amorphous materials this was 
interpreted as an increase in the plasticisation of the material, whilst for 
the crystalline materials, it was interpreted as the water having a 
lubricating effect.  
Li and Peck (1990) and Mollan and Celik (1995) also studied the effect of 
storing an amorphous material, maltodextrin, in different relative 
humidities prior to compaction. Their results supported the previous 
ones in that the material deformed more plastically with an increase in 
the moisture contained in the powders. The work by Mollan and Celik 
(1995) also highlighted that the strength of tablets, obtained using 
diametrical compression testing, increased with increasing powder 
moisture content. Sebhatu, Ahlneck et al. (1997) confirmed the same result 
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for amorphous lactose which exhibited increasing deformability with 
increasing water content. There was also an increase in tablet strength 
with increasing moisture content, see Figure 2.11. It was suggested that an 
increase in plastic deformation affects the bonding between the particles 
as it increases the bonding area and, therefore, increases the strength.  
 
Figure 2.11 – Tensile strength of tablets for amorphous lactose as a 
function of compaction pressure and storage relative humidities. Open 
symbols represent 0% RH, closed symbols represent 22% RH. The different 
shapes represent different particle sizes with squares, circles and triangles 
in ascending order (Sebhatu and Alderborn 1999) 
However, there is evidence that contradicts the previous work showing 
that increasing the moisture content of a powder decreases the tensile 
strength of tablets (Khan, Pilpel et al. 1988; Sun 2008).  
Khan, Pilpel et al. (1988) looked into the effect of moisture on the 
compaction and tensile strength of microcrystalline cellulose (semi-
crystalline). It was found that the tensile strength of the tablets increased 
and then decreased with increasing moisture content. The increase was 
attributed to increasing plastic deformation, which therefore increased 
the bonding area between particles. The decrease in strength was 
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attributed to the moisture starting to force particles apart, thereby 
reducing the inter-particulate forces between them. This latter finding 
was supported by Sun (2008) who presented a similar result, again using 
microcrystalline cellulose, that increasing amounts of water will decrease 
the bonding strength between particles. 
In light of these results Van der Voort Maarschalk, Vromans et al. (1997) 
suggested that for plastically deforming materials, the final strength of a 
tablet was a trade-off between bonding area; increasing with increasing 
water content, and bonding strength; decreasing with increasing water 
content.  
In reviewing the effect of moisture on the compaction behaviour of 
different materials, Nokhodchi (2005) stated that the effect of moisture is 
clearly material dependent and that it also depends on which state the 
moisture occurs in the powder. 
For an amorphous material, moisture can be absorbed into the free 
volume of the matrix. This affects the mobility of the material, 
subsequently affecting the glass transition temperature of the material 
(Palzer 2007). Close to its glass transition temperature the material moves 
into its rubbery state and is, therefore, much less viscous. At this point it 
is suggested that the particles will become more deformable, therefore 
promoting inter-particulate forces, but also that any contact points 
between powder particles may sinter together creating material bridges 
(Palzer 2007). These material bridges could solidify and would be stronger 
than any other bond holding the particles together (Rumpf 1962). This 
would therefore produce a stronger agglomerate. However, at high water 
contents, solidification may not occur. Instead a viscous material bridge 
would occur which would not be as strong.  
For crystalline materials, moisture cannot absorb into the material but 
instead is adsorbed onto the surface. It was suggested that at low moisture 
contents, water molecules adsorb onto the surface of the particles 
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creating a monomolecular layer which increases the Van der Waals forces 
and, therefore, the strength of the bonding. It is also possible that an 
increase in free water on the surface may cause the crystals to dissolve at 
contact points and then recrystallise creating a strong but small bond 
that could lead to an increase in strength.  However, at some point an 
increase in moisture leads to multiple layers of water molecules on the 
particle surface and this multilayer may disturb or reduce the 
intermolecular attraction forces (Nokhodchi 2005). This will, in turn, 
reduce the overall strength of an agglomerate. 
It is therefore clear from previous literature that the moisture content of 
both crystalline and amorphous materials can play a significant role in 
their compressibility and also the final properties of an agglomerate. 
However, only amorphous materials will be affected by varying the 
storage relative humidity at lower values. That is, crystalline materials 
will not be affected below the deliquescence point, defined as the critical 
relative humidity, of the crystalline material. Therefore, this work will 
concentrate on the effect of varying the storage relative humidity on the 
properties of an amorphous agglomerate. 
2.3.2 Roller Compaction 
Although a significant amount of literature can be found on the effect of 
varying moisture contents of powders on their compressibility/tabletting 
behaviour, there is little work investigating the same effect on the roller 
compaction process. Two previous studies have been carried out to look at 
the effect of varying the water content of powder prior to roller 
compaction (Gupta, Peck et al. 2005b; Wu, Hung et al. 2010).  
Gupta, Peck et al. (2005b) investigated the effect of varying the water 
content of a powder blend of microcrystalline cellulose (MCC) and 
crystalline acetaminophen on the tensile strength of ribbons. Varying the 
water content of the material was accomplished by storing it in different 
relative humidities overnight. However, it was assumed that the material 
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had equilibrated within less than 24 hours and no further analysis on the 
moisture content of the powders was done prior to compaction. The 
powder was then compacted using a vertical screw fed Chilsonator IR220 
roller compactor. The strength of the ribbons was then obtained using the 
three point bend test method using a texture analyser.  Further details 
surrounding this method can be found in Section 3.3.3. The amount of 
moisture still stored in the ribbons after the tensile strength 
measurements was determined by drying the ribbons and following the 
weight loss. The worked showed that when increasing the moisture 
content of the powder there was an initial increase in ribbon strength, 
reaching a plateau at around 5% w/w, followed by a decrease in tensile 
strength see Figure 2.12. 
 
Figure 2.12 – Variation in tensile strength with increasing moisture 
content. The grey diamonds represent the roller compacted ribbons. The 
arrow represents increasing roll pressure (Gupta, Peck et al. 2005e) 
This phenomenon was attributed to competing effects between the 
mechanical properties of the two materials with the moisture increasing 
deformation of the MCC particles and facilitating rearrangement of the 
acetaminophen particles.  
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Wu, Hung et al. (2010) investigated the effect of increasing the moisture 
content of microcrystalline cellulose on the behaviour of the flow of the 
powder through a purpose built gravity fed roller compaction system. 
Different amounts of water (2.5-15% w/w) were sprayed onto the powder 
bed whilst it was being agitated in a rotary mixer. Again, similar to the 
previous work, the moisture content of the material was not checked 
prior to compaction. The flowability of the moist powders was evaluated 
in terms of its angle of repose and flow function, using a ring shear tester. 
Online pressure readings for the powders of different moisture contents 
were obtained using pressure transducers connected to the instrumented 
rollers. The work showed that increasing moisture contents affected the 
flow of powder to the rollers due to increased powder cohesion and 
friction. This caused an increase in the nip angle and, therefore, an 
increase in the maximum normal stress which was observed from the 
pressure profile data. At higher moisture contents and compaction 
pressures the microcrystalline cellulose ribbons were splitting. It was 
suggested that this was due to their strength decreasing, although no 
strength measurements were undertaken.  
It is clear that further work is required to understand the effect of varying 
the moisture content of a material on the roller compaction process and 
the properties of the ribbon produced. The aim is to investigate this and 
attempt to link the effects to the material properties that also vary with 
moisture content.  
2.4 Previous Experimental Work in a Roller Compactor 
2.4.1 Stress Measurements  
As mentioned in the modelling section, knowing/predicting the stress 
applied to the powder during roller compaction is paramount to 
understanding and predicting the properties of the ribbons. Previous 
literature shows a number of attempts to measure these stresses. A 
number of researchers have measured the local stresses in a roller 
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compactor by modifying the rollers and embedding small sensors into 
their surface (Schönert and Sander 2002; Bindhumadhavan, Seville et al. 
2005; Cunningham 2006; Nesarikar, Patel et al. 2012a). As mentioned 
previously, Bindhumadhavan, Seville et al. (2005) used this method to 
validate Johanson’s model by comparing the experimental data to stress 
values obtained theoretically using the model. Also, (Schönert and Sander 
2002) investigated the shear stresses and material slip occurring in a 
roller compactor. They showed that the shear in the nip region was 
smaller than the coefficient of friction, therefore proving the assumption 
that material slip only occurs between the material and the roller very 
close to the roller outlet. 
In his thesis, Cunningham (2006) examined the roller compaction of 
pharmaceutical materials. An instrumented RC100 roller compactor with 
100 mm diameter rollers was used to process microcrystalline cellulose. 
The profiles of roll pressure and shear stress as a function of roller 
position were obtained. A number of observations were made from these. 
The author observed that the maximum roll pressure occurred prior to 
reaching the centre line of the rolls and not at 0° as expected. It was also 
observed that the roll shear stress builds in the powder entry side, then 
reduces to zero at angle zero and then proceeds to increase in the opposite 
direction from the build up on exit, see Figure 2.13.  
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Figure 2.13 – The profiles of roll pressure (press) and shear stress (shear) at 
various locations across the roller width (Cunningham, Winstead et al. 
2010) 
Nesarikar, Vatsaraj et al. (2012b) carried out a number of experiments 
with the aim of enhancing the understanding of the relationship between 
the normal stress and the process parameters. The effect of the screw to 
roll speed ratio, the roller gap and the vacuum de-aeration on the normal 
stress was evaluated. An Alexanderwerk WP120 roller compactor with 120 
mm knurled rollers was used to compact a pharmaceutical placebo pre-
blend. It was found that the normal stress was inversely proportional to 
the screw to roll speed ratio as more material fed to the rollers causes a 
larger gap and, therefore, less normal stress. It was also found that 
varying the level of vacuum de-aeration did not affect the normal stress 
applied to the powder. However, turning off the vacuum completely 
caused the net mass flow to decrease as there was more air in the blend 
which decreased the gap and, therefore, increased the normal stress.  
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2.4.2 Ribbon Inhomogeneity 
A number of authors have published work carrying out experimental 
investigations into the effect of roller compaction variables on the ribbon 
properties. Most of this work has concentrated on the strength and the 
porosity of either the ribbon or the granules produced as these are the 
important characteristics for industry. The literature is also concentrated 
on screw fed roller compactors as it quickly became apparent to 
manufacturers that gravity fed rollers would commonly have feeding 
issues when using powders with poor flowability (Guigon, Simon et al. 
2007).  However, although using a screw to feed the powder to the rollers 
reduced the number of feeding issues by creating a more uniform flow of 
powder, authors were still reporting results of non-uniform density 
distributions in ribbons (Guigon and Simon 2003; Miguélez-Morán, Wu et 
al. 2009; Cunningham, Winstead et al. 2010; Michrafy, Diarra et al. 2011). 
Guigon and Simon (2003) were the first to investigate the influence of the 
screw feeding system on the compaction of a material. They used a 
laboratory roll press with a horizontal screw feeding system and 130 mm 
diameter rollers to compact sodium chloride into ribbons. The density of 
the ribbons was then characterised by measuring the distribution of light 
transmitted through them, see Figure 2.14. The lighter areas represent 
regions which have endured less stress than the darker regions.  
 
Figure 2.14 – Image showing light transmitted through a sodium chloride 
ribbon (Guigon and Simon 2003) 
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It was shown that the stress exerted on the powder was neither 
homogeneous over the roll width or with time. It was found that the 
density distribution was periodical and that the periodicity was related to 
the screw feeder. The reduced areas of density are caused by a reduction of 
feed pressure in the last spiral of the screw. This was the first time that 
both the stress and density inhomogeneity was reported by showing the 
relationship between the two.  
Cunningham, Winstead et al. (2010) observed a similar result when 
investigating the effect of the side seal and a variable powder inlet 
velocity using 3D FEM simulations.  The simulations were similar to the 
ones done by Dec, Zavaliangos et al. (2003) using the Drucker-Prager 
material model. They were based on a horizontally screw fed roller 
compactor using 100 mm diameter rolls and a 2 mm roller gap. However, 
to replicate the oscillating nature of the screw feeding system, as shown 
by Guigon and Simon (2003), they used a sinusoidal boundary condition 
for the entry of the powder into the nip region. The simulations showed 
that the oscillating nature of the feeding conditions was directly related to 
the feed stress and roll force, see Figure 2.15. 
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Figure 2.15 – The roll force and feed stress as a function of time from the 
FEM simulations. The boxes show the parameter values at the different 
points (Cunningham, Winstead et al. 2010) 
However, as well as this non-uniform stress applied to the material caused 
by the screw feeder, the simulations also revealed some interesting results 
concerning the effect of the side seal friction on the roll pressure and 
density of the ribbon. The results showed that increasing the side seal 
friction decreased the roll pressure as it counteracts the effect of the feed 
stress, see Figure 2.16. They also showed that the roll pressure is reduced 
closer to the wall with the higher side seal friction causing the highest 
reduction, see Figure 2.16. This reduction in the roll pressure at the walls 
caused a decrease in the density of the ribbons at the edges.   
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Figure 2.16 – Simulation results showing the maximum relative density 
and roll pressure along the traverse direction based on the distance from 
the centre of the ribbon (Cunningham, Winstead et al. 2010) 
This result had also been verified experimentally through the work of 
Miguélez-Morán, Wu et al. (2009) who investigated the effect of different 
process parameters on the density distributions across the width of 
ribbons. Micro-crystalline cellulose (MCC) ribbons were produced using a 
purpose built gravity fed roller compactor with 200 mm diameter rollers. 
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Their density was determined using three different methods; i) by 
sectioning the ribbon into pieces across its width and then measuring its 
mass and volume, ii) by using micro-indentation across the width of the 
ribbon using a micro-vickers hardness testing machine (Calibration was 
carried out prior to measurements using MCC tables at varying relative 
densities), iii) by using an X-ray micro-CT Skyscan system with a spatial 
resolution of 11 µm/pixel.  
 
Figure 2.17 – A comparison of ribbon density profiles along the ribbon 
width for the different analysing techniques (Miguélez-Morán, Wu et al. 
2009) 
Figure 2.17 shows that all three methods gave similar results indicating 
that the edges of the ribbon were significantly lower in density compared 
to the centre of the ribbon. This density distribution was attributed to the 
powder feeding behaviour in the compaction zone which, due to it being 
gravity fed, means more material is fed to the centre of the rollers as the 
friction between the powder and the walls reduces the amount of material 
at the edges.  
These pieces of work by Miguelez-Moran, Wu et al. (2009) and 
Cunningham, Winstead et al. (2010) indicate that ribbon density 
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inhomogeneity exists for both gravity fed and screw fed types of feeding 
systems. However, it appears that the system that produces the smallest 
density distribution is a screw fed system using a material for the side 
seals which has the lowest coefficient of friction.  
2.4.3 Ribbon Properties 
A surprisingly small amount of published work exists on ribbon density in 
general and how it varies with process parameters.  Lim, Dave et al. (2011) 
investigated this when evaluating the feasibility of using NIR imaging to 
evaluate ribbon porosity distribution. Micro-crystalline cellulose ribbons 
were produced using an Alexanderwerk WP120 roller compactor with 120 
mm diameter rollers. The parameters that were studied were the roll 
pressure, roll speed and feed screw speed. Ribbon porosity was obtained 
by using a GeoPyc 1360 pycnometer. The authors showed that i) the ribbon 
porosity increased as roller speed increased. It was suggested that this 
was due to the reduction of the dwell time, ii) the ribbon porosity 
decreased with increasing feed screw speed and iii) that ribbon porosity 
decreased with increasing roller pressure and this was the dominant 
parameter. Gupta, Peck et al. (2004) supported the result that the porosity 
of ribbons increases with increasing roller speed. 
This limited amount of research surrounding ribbon density is likely to be 
because most of the work has concentrated on the process parameters and 
stress relationship as shown in Section 2.1. This is because a further 
understanding of this relationship will help to better understand any 
results linked to the density of the ribbons.  
The other ribbon characteristic which has been researched due to its 
importance to industry is the agglomerate strength; ribbon and granule.  
The previous work mentioned by Gupta, Peck et al. (2004) looked into 
using near-infrared spectroscopy as a tool to monitor online strength of 
ribbons, with the main advantage being that the measurements would be 
non-destructive to the product. To do this the authors collected near-
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infrared spectra of the ribbons during production and then compared 
them to their strength obtained using the three point bend test method. 
For this, ribbons, of various common pharmaceutical materials, were 
produced using a Chilsonator IR220 roller compactor fitted with 200 mm 
smooth diameter rollers. Roller speeds were varied during production to 
assess its impact on ribbon strength. The feed screw speeds were kept 
constant throughout whilst the gap was varied throughout production, 
depending on the roller speed. The results showed that with increasing 
roller speed the thickness of the ribbons decreased, due to a smaller gap, 
and that ribbon tensile strength decreased. The tensile strengths were 
normalised to compensate for the effect of the changing ribbon thickness. 
It is worth noting that the results shown investigating the strength of the 
ribbons with respect to roller speed shown by (Gupta, Peck et al. 2004) and 
(Lim, Dave et al. 2011) have been carried out using variable roller gaps as 
the screw speed remains constant. Therefore, increasing the roller speed 
reduces the gap as the ratio of the screw speed to roller speed reduces. 
This, therefore, reduces the strength of the ribbons. Guigon, Simon et al. 
(2007) showed that varying the roller speed did not affect the throughput 
of material and was consistent for varying feeding screw rates. No work, to 
the author’s knowledge, has been carried out to investigate the strength of 
the ribbon whilst maintaining a constant gap by controlling the screw 
feed speed. This will be done in this work and can be found in Chapter 7.  
Freitag, Reincke et al. (2004) investigated how roller compaction of a 
material consequently affected its tabletting behaviour. Four different 
types of magnesium carbonate were roller compacted using an 
instrumented Mini-compactor with smooth 250 mm diameter rollers. 
Ribbons were produced using different compaction forces whilst 
maintaining a constant roller speed and gap. The microhardness of the 
ribbons was ascertained using a Fischerscope H100 microhardness system 
with a ball indenter. This is an alternative way of measuring the tensile 
strength of a material (Knovel and Herrmann 2011). The microhardness 
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can be calculated by using the indentation tool geometry, the penetration 
depth and the load applied. The results showed that increasing the roller 
compaction force increased the microhardness of the ribbons produced. 
The authors found that an increased microhardness of ribbons reduced 
the strength of tablets produced from the same material.  
Similar to the research on ribbon density, there is a limited amount of 
data on ribbon strength. Again, this is probably as a significant amount of 
work has concentrated on the link between process parameters and roller 
stress. However, another reason for the limited amount of research on 
ribbon strength could also be due to the difficulties of obtaining accurate 
and reliable data from the methods which are currently utilised. These 
two methods are the three point bend test and microhardness test using 
an indenter. Both of these methods take measurements at a specific point 
on the ribbon. The three point bend test ultimately locates the weakest 
point of the ribbon. The microhardness test gives a result for whatever 
part of the ribbon is being tested. It has been shown by a number of 
authors in Section 2.1, that there is non-uniformity in ribbon density, both 
along the width of the ribbon and, if produced using a screw feeder, also 
along the length of ribbon. The results from these methods will therefore 
be biased and not representative of the whole ribbon. It is also worth 
noting that for the three point bend test, a reasonable length of ribbon is 
required, depending on its thickness, which is cleanly shaped in a 
rectangular form. Depending on the material, it can be difficult to produce 
ribbons of this shape, especially if the material sticks to the rollers. In this 
thesis a new method for analyzing ribbon strength is suggested which can 
be used for non-uniformly shaped pieces of ribbon, which provides a 
better representation of the average strength of the ribbon.   
2.4.4 Temperature 
As mentioned in Section 2.2.1, the temperature has a significant effect on 
the behaviour of an amorphous material. Although it is difficult to 
determine the temperature of a material during processing, an increase in 
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temperature with powder compression has been previously documented 
when producing tablets (Hanus and King 1968; Ketolainen, Ilkka et al. 
1993; Wurster, Rowlings et al. 1995).  
Ketolainen, Ilkka et al. (1993) used an infrared thermoviewer to observe 
the temperature rise whilst producing tablets using an instrumented 
tablet press. Tablets were produced from microcrystalline cellulose and 
dicalcium phosphate dihydrate using different uniaxial compression 
forces. It was found that the surface temperature increase was directly 
related to the compression force for both materials. Lubrication 
diminished the rise in the surface temperature and the increase in 
temperature was material dependent. The results showed an average 
surface temperature increase of around 6-8 °C.  
An increase in temperature during compression could certainly change 
the properties of a material, depending on the material, therefore 
affecting the characteristics of the product. To the authors knowledge 
there is no mention in literature of a powder temperature increase during 
dry granulation.  This work aims to investigate powder temperature 
increase and its affect on ribbon characteristics.  
2.4.5 Lubrication 
Lubrication, usually in the form of magnesium stearate, is commonly used 
when tabletting or roller compacting powder material as it helps to 
prevent flow problems and sticking of the material (Pitt, Sinka et al. 2007). 
A number of authors have showed its affect on ribbons properties (He, 
Secreast et al. 2007; Miguélez-Morán, Wu et al. 2008; Yu, Adams et al. 2013). 
He, Secreast et al. (2007) studied the effect that 0.5% magnesium stearate 
would have on the strength of tablets produced from milled down ribbons. 
The ribbons were produced using a Vector TF-Mini roller compactor and 
the subsequent tablets were produced using a high-speed tablet press 
emulator. It was found that although lubrication helped to avoid sticking 
of the microcrystalline cellulose it reduced the reworkability of the 
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material, therefore reducing the mechanical strength of the tablets 
produced. Yu, Adams et al. (2013) supported this result when lubrication 
decreased the tensile strength of tablets of microcrystalline cellulose.   
Miguélez-Morán, Wu et al. (2008) investigated the effect of lubrication on 
the density of micro-crystalline ribbons. Ribbons were produced of pure 
microcrystalline cellulose with no lubricant, from pure microcrystalline 
cellulose when the rollers had been lubricated, and from a blend of 
microcrystalline cellulose and 0.5% magnesium stearate. A purpose built 
gravity fed roller compactor was used which produced pressure profiles 
during production from the pressure sensors on the roller surfaces. It was 
found that lubricating the rollers had no effect in terms of the roller stress 
and the ribbon density. However, lubricating the powder caused a 
significant reduction in the maximum roll pressure, see Figure 2.18, but it 
did help to reduce the variation in density across the width of the ribbon.  
 
Figure 2.18 – A comparison of pressure profiles for a lubricated press, 
lubricated powder and no lubrication (Miguélez-Morán, Wu et al. 2008) 
The same research group then studied the effect of lubrication on the nip 
angle of the feed powder and the maximum normal pressure (Yu, Adams 
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et al. 2013). They found that lubricating the roller had a different effect on 
the two different materials used. However, bulk lubrication of both 
materials reduced the nip angle and, therefore, the maximum pressure 
applied to the powder.  
The previous research has shown that lubrication of the powder has a 
significant effect on the stress applied to the material and consequently 
the physical properties of the ribbons. The effect of lubricating the powder 
on the particle bonding mechanisms and the ribbon properties will be 
investigated in this work.  
2.5 Summary and Aims 
 
The particle bonding mechanisms which occur in an agglomerate govern 
its physical properties such as the strength and porosity. These properties 
influence the agglomerates characteristics such as the dissolution time, 
which are so important to industry. The possible bonding mechanisms 
which can occur for agglomerates produced using dry granulation are 
generally accepted (Van der Waals, solid bonding, interlocking force) 
(Rumpf 1962; De Boer, Bolhuis et al. 1978). However, it is difficult to 
ascertain which one is dominant in a particular agglomerate at this micro 
level.   
One of the aims of this work is to try to determine the dominant particle 
bonding mechanism occurring in an amorphous (Glucidex IT21) ribbon. 
There are two key factors which will influence the bonding mechanisms; 
the stress applied to the powder during compaction and the water content 
of the material. The proposal is to investigate these two variables and 
follow their influence on the physical properties of the ribbon, such as its 
appearance, strength and porosity, to help identify the bonding 
mechanism. The main aim is then to use this information to produce a 
map which outlines the conditions required to achieve certain dominant 
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mechanisms and, therefore, physical characteristics, which can be used as 
a predictive tool.  
The stress applied to the material will be predicted using Johanson’s 
model, as well as obtained experimentally. Previous work (Hanus and 
King 1968; Ketolainen, Ilkka et al. 1993; Wurster, Rowlings et al. 1995) have 
suggested that high stresses can cause an increase in material 
temperature during tabletting. If this is true, this would also have an 
effect on material behaviour. This will be investigated by following the on-
line temperature of the ribbon during roller compaction and how it varies 
with stress. The effect of other process variables, such as lubrication, 
roller cooling, roller speed and roller gap, on the ribbon temperature and 
ribbon properties will also be studied with the aim of establishing if there 
is a link between them.   
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Chapter 3 – Materials and Method 
3.1 Materials 
3.1.1 Glucidex IT21 
The main material used throughout the work shown in this thesis is an 
amorphous carbohydrate polymer called Glucidex IT21 (IMCD, UK), also 
known as dextrose syrup. It is a white, hygroscopic spray-dried powder 
that is used as a food additive.  
It is commonly used in the food industry as a thickening agent in 
processed foods and has the advantage of containing fewer calories than 
sugar. The particle size distribution of Glucidex IT21 primary powder is 
shown below in Figure 3.1.  This was obtained using QICPIC image 
analysis, see Section 3.3.2.  
 
Figure 3.1 - Cumulative plot of the size distribution of raw Glucidex IT21 
The bulk density of a material is the mass divided by its bulk volume. The 
true density of a material is the mass of the material divided by its 
volume, excluding any closed pores. The value for Glucidex IT21 was 
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obtained using a helium pycnometer (AccuPyc 1330 pycnometer, 
Micromeritics, Norcross, USA). The values are given in Table 3.1 along 
with the d10, d50 and d90 particle sizes obtained from the particle size 
distribution data obtained using the QICPIC software.  
Material 
Bulk Density 
(kg/m3) 
True Density 
(kg/m3) 
Particle size: 
d10, d50, d90 
(µm) 
Glucidex IT21 570 1534 134, 284, 514 
Table 3.1 – Powder properties for Glucidex IT21 
3.1.2 Water Content 
Due to the structure and hygroscopic nature of the amorphous material, it 
will absorb different amounts of water depending on the relative humidity 
and temperature of the environment it is has equilibrated in. Figure 3.2 
shows the sorption isotherm, i.e. the relationship between water activity 
and water content at a particular temperature, for Glucidex IT21 at 25 °C. 
The plot shows a line of fit using the BET model (Brunauer, Emmett et al. 
1938) as well as points obtained experimentally by the Nestlé Research 
Centre in Lausanne, Switzerland. This was done by storing the material at 
different relative humidities and following the change in mass.  
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Figure 3.2 – Sorption isotherm for Glucidex IT21 showing the theoretical 
values obtained using the BET model as well as values obtained 
experimentally (NRC, Lausanne) 
The glass transition temperature of the material (Tg) depends on its water 
content. Figure 3.3 shows the state diagram, i.e. the relationship between 
the water content and Tg, for Glucidex IT21. These data points were 
obtained experimentally using Differential Scanning Calorimetry, also 
carried out by the Nestlé Research Centre.  The data has been fit using the 
Gordon and Taylor equation (Gordon and Taylor 1952). 
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Figure 3.3 – State diagram showing the relationship between Tg and water 
content (% wet basis) for Glucidex IT21 (NRC, Lausanne) 
The data can be used to determine the glass transition temperature for a 
given powder water content. Therefore, Figures 3.2 and 3.3 can be used 
together to obtain the Tg value from the materials water activity at a 
certain temperature.  These values are show in Table 3.2. 
aw at 25°C 
Water content 
(%wb) 
Tg (°C) 
0.1 2.57 91.5 
0.2 4.65 77.5 
0.3 5.57 65.5 
0.4 6.63 55.2 
0.5 7.99 41.1 
Table 3.2 - Indicating the conversion of water activities for IT21 at 25 °C to 
water content and Tg values 
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3.1.3 Other Materials 
As well as Glucidex IT21, some other materials were also roller compacted 
to obtain the effect of the material on certain results.  
Sodium chloride (Schweizer Rheinsalinen, Germany), NaCl, is a white, 
crystalline powder which is added to most food blends. It is used as a 
flavour enhancer and preservative and is soluble in water. It has a 
volumetric median value (d50) size of 110 µm.  
Micro-crystalline cellulose (Avicel PH101), MCC, is a white, semi-
crystalline, plastically deforming powder which is commonly used as a 
filler in granulation blends. It has a volumetric median value (d50) size of 
57 µm. 
Magnesium stearate (Mallinckrodt, USA), Mg(C18H35Os)s, powder is a white 
insoluble lubricant commonly used in tabletting in the pharmaceutical 
industry. In formulations it is usually used in relatively small quantities 
of around 0.25-1% to aid tabletting and to prevent capping and cracking 
(Pitt, Sinka et al. 2007). It has a volumetric median value (d50) size of 8-12 
µm. 
3.2 Method 
3.2.1 Roller Compaction 
The roller compactor used for the production of all ribbons in this work 
was an Alexanderwerk WP120 (Alexanderwerk, Germany), see Figure 3.4. 
A close up of the rollers and the setup is shown in Figure 3.5.  
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Figure 3.4 – Image of Alexanderwerk WP120 Roller compactor 
 
Figure 3.5 – Labelled image of the roller compactor setup 
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The WP120 is a horizontally screw fed roller compactor that uses side 
cheeks to prevent the powder from leaking between the rollers during 
compression. It is also fitted with a vacuum de-aeration system which 
sucks air out of the system prior to entry into the rollers and, therefore, 
enhances consolidation of the powder. Previous work showed that 
vacuum de-aeration is important as it reduces pre-blend leak significantly 
(Miller 1997). It is capable of hydraulic pressures ranging from 20-230 bar 
and uses two 25 cm diameter knurled rollers, see Figure 3.6, to compress 
the material. The hydraulic pressures convert to pressing force between 
the rollers, as shown in Table 3.3. This is the force applied to the powder 
in contact with the rollers which is the powder located in the nip region. 
 
Hydraulic 
Pressure (bar) 
Pressing Force 
(kN) 
30 12.4 
50 20.7 
65 27.0 
80 33.2 
100 41.5 
120 49.8 
150 62.2 
180 74.7 
Table 3.3 - Conversion of hydraulic pressure to pressing force between 
rollers (Alexanderwerk 2009). 
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Figure 3.6 – Image of the surface of the knurled rollers used on the WP120 
The WP120 has an automated feedback system which can be used to 
maintain a constant roller gap, therefore theoretically producing a ribbon 
with a constant thickness and porosity. It does this by constantly altering 
the screw feed speed, therefore feeding more or less material to the rollers 
as required. This then increases or decreases the gap and is varied 
depending on the feedback it is receiving. The speed of the rollers can be 
varied from 3-13 rpm, therefore altering the amount of time the material is 
under compression. It is known that heat can be generated due to the high 
compression forces (Guigon and Simon 2003; Osborne, Althaus et al. 2013). 
The roller compactor and rollers are, consequently, designed to pass a 
cooling liquid (for this work, water at 5°C) around the inner part of the 
rollers using a chiller. 
 
The WP120 is designed for research and development purposes and small 
scale production of up to 40 kg/h. Hydraulic pressures ranging from 30-180 
bar between the 40 mm knurled rollers were used to produce a 2 mm thick 
ribbon using a feedback system which altered the feed rate to keep the gap 
between the rollers constant. The speed of the rollers was kept constant at 
3 rpm throughout which resulted in a constant compression time for the 
material of approximately 1 second. The option for roller cooling was 
78 | P a g e  
 
either not used or turned and connected to a chiller which passed water at 
5°C around the inside of the rollers.  
3.2.2 Preparation of Powders 
A  Binder KMF 240 climatic chamber (Binder, UK) was used to equilibrate 
the Glucidex IT21 to different water activities, see Figure 3.7. The chamber 
allows large amounts (up to 5 kg) of material to be equilibrated in a much 
faster time compared to desiccators. This is because the humidity in the 
chamber can be altered and controlled with a constant air flow. The 
chamber also benefits from a larger humidity and temperature range (10-
80% RH)(10-70°C)(Binder 2012). To equilibrate the powder it was spread 
thinly on plastic trays to increase the overall surface area, these were 
placed on grills inside the chamber. The water activity values of the 
powder were measured using Rotronic HygroLab2 probes, see Section 
3.2.3. 
 
Figure 3.7 – Images of the Binder KMF 240 climatic chamber 
Studies showed that the water activity could be altered from its original 
value of aw=0.2 (at 25°C) up to aw=0.5 (at 25°C), by keeping the powder in 
50% RH, in just over 24 hours, see Figure 3.8. Removing moisture from the 
powder took much more time. Figure 3.9 shows that after 24 hours the 
powder had still not equilibrated from aw=0.22 (at 25°C) to aw=0.1 (at 25°C). 
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However, the time could be significantly reduced by increasing the 
temperature in the chamber, therefore helping to drive off the moisture. 
Figure 3.10 shows that it took just 3 hours to equilibrate powder from 
aw=0.2 (at 25°C) to aw=0.1 (at 45°C). Further time is however required to 
then let the powder cool and equilibrate to aw=0.1 (at 25°C).  
 
 
Figure 3.8 – Equilibration experiment for IT21 using the Binder humidity 
chamber 
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Figure 3.9 – Equilibration experiment for IT21 using the Binder humidity 
chamber 
 
Figure 3.10 – Equilibration experiment for IT21 using the Binder humidity 
chamber 
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The material was, therefore, stored in the chamber for at least 24 hours at 
different relative humidities (10-50%) whilst at 25°C until equilibration 
had been reached. 
3.2.3 Water Activity Measurement 
The water activity values of the powder were checked to confirm 
equilibration by using a Rotronic HygroLab2 with AWVC-D10 probes 
(Rotronic, UK). The probes are capable of measuring to an accuracy of 1% 
RH from 0-100% RH.  
3.2.4 Ring Shear Tester 
Both the effective angle of internal friction, δE, and the angle of wall 
friction, ϕw, were obtained using a Ring Shear Tester (Dietmar Schulze, 
Germany) made from stainless steel.  
To determine the yield locus a default pre-shear stress of 2000 Pa was 
used. Other pre-shear stresses were also tested but with the same 
outcome, therefore 2000 Pa was used throughout. Three different stress 
levels were used with the lowest stress level being 10% of the maximum. 
To determine the wall yield locus a default stress level of 12 kPa was used. 
Ten different stress levels were used with the lowest stress being 10% of 
the maximum.  
3.2.5 Powder Compressibility Factor 
The compressibility factor, K, that is used in Johanson’s theory (1965) is 
defined below in Equation 3.1. It gives the relationship between the 
uniaxial normal stress applied to a powder and the powder’s resulting 
density. 
            
   (3.1) 
This was obtained using two different methods as it has been shown that 
density values differ when using the in-die density, density measurement 
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taken on-line whilst the powder is still in the die, and out-of-die density, 
density measurement of the tablet obtained outside the die (Mondedero 
perales 1996).   
The first method was to produce tablets with varying densities using a 
single punch station tablet machine (Kg-pharma, Berlin, Germany). 
Tablets with a diameter of 12mm and with varying thicknesses were 
produced using a range of upper punch displacements. The fill depth of 
the die was kept constant and the uni-axial stress required to move the 
upper punch the desired distance was provided by the piece of equipment 
ranging from 5-100 MPa. In all cases the tablets were produced at the same 
rate of 15 tablets per minute. The density of the tablets was then 
calculated using the tablet dimensions and their mass.  
The second method was to use a STYL One 105ML tabletting simulator 
(MedelPharm, Beynost, France). Powder was compressed for 0.3 seconds 
and during this time the applied force and the punch displacement were 
recorded in real time. The force was then converted into a pressure 
showing that the powder had been compressed up to 75 MPa. The punch 
displacement could then be used to calculate the powder’s change in 
volume and, therefore, density.  
3.2.6 Ribbon Production 
To produce a ribbon the equilibrated powder was removed from the 
humidity chamber and put directly in the hopper of the roller compactor. 
A study investigating the amount of water uptake of Glucidex IT21 when 
in the laboratory environment was carried out to verify that the water 
activity of the powder was not changing considerably after it had been 
removed from the chamber. The powder was initially stored in relatively 
dry conditions in the humidity chamber at 25°C and 10% RH. It was then 
removed and placed in the temperature controlled lab which was also at 
25°C but 50% RH. The gain in weight was followed over time and the 
results are shown in Figure 3.11.  
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Figure 3.11 – Change in moisture content of Glucidex IT21 as a function of 
time 
The results show that there was a steady gain of moisture over time 
which is to be expected. However, the increase in weight is acceptably 
small with an increase of just over 0.05% in weight after 10 minutes in the 
new laboratory environment. It is therefore assumed that powder is still 
at the same water activity as it has been equilibrated to, prior to 
processing. 
3.3 Ribbon Strength 
 
After production the ribbons were stored in their pre-production 
environments prior to analysis. The strength of the ribbons was assessed 
using two different methods. The first method used was the conventional 
three point bend test (Newton, Haririan et al. 2000) to obtain a  ribbon 
uniaxial tensile strength. The second method is a technique which mills 
the ribbon back down into small fragments and then uses the particle size 
distribution, i.e. the amount of breakage, to indicate a strength.  
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3.3.1 Ball Milling Method 
A Retsch Planetary Ball Mill PM 100 (Retsch, Leeds, UK) using a 500 ml 
agate jar and three 30 mm diameter balls, at 400 rpm for 30 seconds, was 
used to grind ribbon samples of 5 g ±0.05 g. This was repeated five times 
for each ribbon produced at different conditions.   
 
Figure 3.12 – Images showing the Retsch PM100 with the agate jar and 
balls 
3.3.2 Particle Size Distribution 
After milling, the size distribution of the fragments was obtained using 
Qicpic (Sympatec, Germany) image analysis technology. This equipment 
uses a high speed camera (up to 450 fps) to analyse particle size and shape 
from between 0.001-30 mm (Sympatec 2012). A dry gravity dispersion unit 
(VIBRI/L) was used to separate the powder particles to enable individual 
particles to be identified by the software. 
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3.3.3 Three Point Bend Test 
A Zwick/Roell Z 0.5 materials testing machine was used to measure the 
force required to break the ribbons when placed in a three point bend test 
setup manufactured at the University of Sheffield, shown in Figure 3.13. 
During the test the ribbon was placed onto the two fulcrums and a load 
was applied to the centre of the ribbon from above.  
 
 
Figure 3.13 – Image showing new three point bend test setup produced in 
Sheffield 
The tensile strength of the ribbons was then found by using the force 
required to break the ribbon, using a load speed of 1 mm/min, and its 
dimensions, using Equation 3.2.  
   
      
    
 
(3.2) 
 
Where t is the tensile strength (Pa), Fmax is the maximum recorded force 
at breakage (N), l is the distance between the two fulcrums (m), W is the 
ribbon width and h is the ribbon thickness (m). The distance between the 
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two fulcrums was set to 26 mm to comply with British standards that l = 
(16 ± 1) × h (British Standard Institution 1977). 
3.4 Ribbon Porosity 
 
The porosity of ribbons was obtained using two different methods. The 
first method used was to simply measure the physical dimensions and 
mass of the ribbons. The second method used was X-ray Tomography 
(performed at the Nestle Research Centre in Lausanne, Switzerland).  
3.4.1 Mass and Volume Calculations 
The bulk density of the ribbons was determined from their individual 
mass and volume measured using a high precision balance, accurate to 3 
decimal places, and a digital slide calliper respectively. Ribbon porosity 
was then calculated using this density and the true density of the material 
using Equation 3.3 (Lim, Dave et al. 2011). 
     
       
     
  (3.3) 
Previous studies have shown a non-uniformity of ribbon density across 
the ribbon width (Miguélez-Morán, Wu et al. 2009). Therefore, as well as 
the average ribbon porosity, the central ribbon porosity, lengthways, was 
also calculated by sectioning it from the outer parts (Figure 3.14). To 
reduce the error in the porosity calculations the average of at least ten 
samples was used. 
 
87 | P a g e  
 
 
Figure 3.14 - An image showing the dimensions used for sectioning the 
ribbons. 
3.4.2 X-ray Tomography 
Tomograms of ribbons were obtained by using a microCT 35 (Scanco 
Medical AG, Switzerland). The parameters used during acquisition are 
shown below in Table 3.4. These parameters were selected in order to 
optimize the acquisition, taking into account time constraints. 
 
Acquisition  
Instrument microCT 35, Scanco medical AG 
Voxel resolution (10% MTF) 
 
3.5 
Integration time (ms) / 
Averaging 
200 / 5 
Energy (keV ) / Current (mA) 55 / 145 
Filter No 
Sample height (mm) / # slices 2.8-3.5 / 800-1000 
Scan time (hour) 6 
Camera resolution / rotation 
(degree) 
2048 / 0.36 
Analysis  
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Gaussian Filter (sigma / 
support) 
1.0/2.0 
Segmentation threshold (mil) 30-1000 
Table 3.4 - The acquisition and analysis parameters were kept the same for 
almost all samples in order to render the results comparable 
 
From the images the porosity of the samples was determined using a 
standard parameter algorithm which counts the number of void (air) 
voxels over the total number of voxels in the volume of interest. This is a 
standard 2D slicewise operation. 
3.4.3 Scanning Electron Microscopy 
Electron micrographs were obtained of the ribbons using an InspectF FEI 
microscope (FEI Company, The Netherlands), see Figure 3.15, operated at 
10 kV under low vacuum conditions. 
 
Figure 3.15 – Image of the InspectF FEI microscope 
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3.5 Thermal Imaging 
 
A Flir SC 3000 thermal imaging system (ESPRC, UK) was used to capture 
thermal images of the ribbon (5 frames per second) as it was exiting the 
rollers, see Figure 3.16. In all cases, the thermal images were taken 
approximately 30 seconds after the feedback system on the roller 
compactor had reached a steady state, and a constant gap between the 
rollers was being maintained. The ribbon temperature could then be 
obtained using the system software (THERMcam Research Professional) 
to an accuracy of ±1 degree celsuis. 
 
 
Figure 3.16 – Image and schematic of the thermal camera setup 
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Chapter 4 – Stress in a Roller Compactor 
4.1 Introduction 
 
Roller compaction is a dry granulation process which is used in industry 
to turn powder particles into agglomerates which have improved 
characteristics.  One of the main aims for industry is to be able to predict 
the physical properties of an agglomerate/product, as this would reduce 
the need for trial and error experimentation. For roller compaction, the 
most influential factor of agglomerate/ribbon porosity and strength is the 
stress applied to the material (Guigon, Simon et al. 2007). Also, being able 
to relate the stress to product properties is important as it can then be 
used to scale-up or compare different processes and equipment. However, 
due to the complex design of rollers and feeding systems, predicting the 
stress is not simple.  
One model which has been used to predict the effect of varying process 
variables and has been experimentally validated in a gravity fed roller 
compactor is the Johanson model. The advantage of this model is that it 
only requires three material properties and no assumption of any nip 
stress or angle.  
The main aim of this chapter is to experimentally validate the Johanson 
model using Glucidex IT21 and the horizontally fed WP120 roller 
compactor. The second aim will be to investigate experimentally and 
theoretically the effect of moisture on the roller compaction process to 
verify whether this will affect the stress applied to the Glucidex IT21.  
4.2 Material Properties of Glucidex IT21 
 
As mentioned previously, Johanson’s theory can be used to predict the 
stress distribution during roller compaction of a material by simply 
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knowing the roller compactor dimensions, (i.e. diameter, width, gap), and 
three material properties, which are: 
1. Effective angle of internal friction, δE 
2. Angle of wall friction,    
3. Compressibility factor, K 
It was therefore necessary to obtain these three values for Glucidex IT21 
to be able to make a prediction of the stress distribution in the WP120 
roller compactor. Values for the two friction properties (   and δE) were 
obtained experimentally for Glucidex IT21 using the ring shear tester and 
the method outlined in Section 3.2.4. The results were obtained for 
Glucidex IT21 which had been equilibrated in the climatic chamber to 
aw=0.15 at 25°C and verified by the Rotronic HygroLab2. This was the water 
activity of the material when taken initially from the bag. The data output 
from the software can be found in Figure 1A in the Appendix and the 
results are summarised in Table 4.1.  
Effective angle of 
internal friction, δE 
(degrees) 
Angle of wall 
friction,   
(degrees) 
Compressibility 
factor, 
 K   zed 
41 15 6.5 
Table 4.1 – Material properties required for Johanson’s theory for Glucidex 
IT21 (aw=0.15 at 25°C) 
A value for the compressibility factor, K, of Glucidex IT21 was obtained 
using the STYL One 105ML tabletting simulator using the method 
outlined in Section 3.2.5. Figure 4.1 shows the pressure-density 
relationship provided by the simulator for Glucidex IT21, also equilibrated 
to aw=0.15 at 25°C. 
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Figure 4.1 - In-die relationship between the natural log of uni-axial stress 
against the natural log of density for Glucidex IT21 at aw=0.15 at 25°C 
The compressibility factor, K, for this material can be calculated from the 
slope of the line shown in Figure 4.1, according to Equation 4.1 (Johanson 
1965). 
            
   (4.1) 
For Glucidex IT21 equilibrated to aw=0.15 at 25°C the compressibility factor 
was calculated to be 6.5, see Table 4.1. 
4.3 Calculation of the Nip angle, Stress Distribution and 
Maximum Normal Stress 
 
The three material properties can be directly input into Johanson’s theory 
to calculate the theoretical maximum normal stress applied to the 
Glucidex IT21 during roller compaction. Below are the equations and steps 
required to calculate the stress. The first step is to obtain the nip angle.  
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 The nip angle can be found by solving both sides of Equation 4.2, which 
gives the relationship between the roller angle and pressure gradient in 
both the nip and slip region (Johanson 1965).  
             
 
    
 
       
                   
 
                 
 
  
 
     
 
            
 
(4.2) 
 
Where θ is the angular position at the roller surface, S is the roller 
gap, D is the roller diameter, d is the roller indentation, α is the nip 
angle and parameter A is 
  
 
 
 
 
 
      
 
 
(4.3) 
 
Where v, the acute angle between the tangent to the roll surface and the 
direction of σ1, the principal stress, see Figure 4.2, is 
  
 
 
        
     
    
     
And 
(4.4) 
 
  
 
 
 
 
 
 
(4.5) 
 
 
Figure 4.2 – Jenike-Shield yield criterion (Bindhumadhavan, Seville et al. 
2005) 
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Parameter Value 
Effect angle of internal friction,  (radians) 0.715 
Angle of wall friction,    (radians) 0.262 
Angle between tangent and the principal stress, 
ν (radians) 
0.138 
Roller gap, S (m) 0.002 
Roller diameter, D (m) 0.15 
µ (radians) 0.427 
Compressibility factor, K 6.5 
Roller indentation, d (m) 0.002 
Roller width, W (m) 0.04 
Table 4.2 – Parameters values used for the calculation of the maximum 
normal stress 
The values for all the parameters used in the calculation are shown in 
Table 4.2. Figure 4.2 shows the calculated pressure gradient (d/dx) 
against roller angle for both the nip and slip region using Johanson’s 
theory. The nip angle is the point at which the two pressure gradients are 
equal; for this case it is 22.3°. 
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Figure 4.2 – Relationship between pressure gradients and roller angle for 
the nip and slip regions calculated using the Johanson theory 
Once the nip angle has been calculated this can be then be directly used to 
calculate the stress at the nip angle in the roller compactor, σα, using 
Equation 4.6 (Reynolds et al., 2010).  
      
 
(4.6) 
Where Rf, is the roller force and Q is a force factor which can be used to 
scale the stress using the roller compactor dimensions and the material’s 
compressibility. A value for Q was obtained by solving Equation 4.7. The 
integration was carried out using a Fortran code which is shown in Figure 
2A in the appendix. 
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The stress at the nip angle was calculated for different hydraulic 
pressures/roller forces using the same parameters as shown in Table 4.1. 
The conversion between hydraulic pressure and roller force was provided 
by Alexanderwerk (Hydraulic pressure=2.41*Roller Force)(Alexanderwerk 
2009). The results are shown in Table 4.3 and show that with increasing 
hydraulic pressure the stress at the nip angle, σα, increases accordingly. 
Hydraulic 
Pressure 
(bar) 
Roller 
Force 
(kN) 
σα 
(kPa) 
30 12.44 1.93 
50 20.74 3.23 
65 26.96 4.19 
80 33.18 5.16 
100 41.48 6.45 
120 49.77 7.74 
150 62.21 9.67 
180 74.66 11.61 
Table 4.3 – Nip angle stress for varying roller forces 
The maximum normal stress at angle zero, σ0, can then be calculated 
using Equation 4.8 (Johanson 1965), again using the parameters set in 
Table 4.2. This equation assumes that the mass of material remains 
constant from the nip angle all the way through the rollers and uses the 
ratio of the change in volume between the nip angle, Vα, and the angle 
theta, Vθ.  
      
  
  
 
 
    
                
                
 
 
 
(4.8) 
 
The conversion of the hydraulic pressures to maximum normal stresses 
for Glucidex IT21 (at aw=0.15 at 25°C) are shown in Table 4.4 and Figure 4.3. 
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It shows that Johanson’s theory predicts a ratio of around 1:25, hydraulic 
pressure (bar) to maximum normal stress (Pa).  
Hydraulic 
Pressure 
(bar) 
Roller 
Force 
(KN) 
σ0 (Mpa) 
30 12.44 76.1 
50 20.74 126.8 
65 26.96 164.9 
80 33.18 202.9 
100 41.48 253.7 
120 49.77 304.4 
150 62.21 380.5 
180 74.66 456.6 
Table 4.4 – Conversion of hydraulic pressure to maximum normal stress 
at angle zero in the roller compactor with Glucidex IT21 
 
Figure 4.3 - Conversion of hydraulic pressure to maximum pressure at 
angle zero in the roller compactor with Glucidex IT21 
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The normal stress distribution throughout the nip region (σα<σ<σ0) can 
also be obtained using Equation 4.8 and this is shown in Figure 4.4 for 
varying hydraulic pressures. It shows that for increasing hydraulic 
pressures the normal stress increases at a much higher rate after angle 
0.15 moving towards the maximum, .   
 
Figure 4.4 – Normal stress distributions in the nip region of the roller 
compactor for different hydraulic pressures 
The normal stress values in Figure 4.4 seem reasonable in comparison to 
values obtained by (Bindhumadhavan, Seville et al. 2005). However, 
experimental validation was required before a conclusion could be made 
on whether Johanson’s theory could be used as an accurate tool for 
predicting stress values in a horizontally fed roller compactor for 
Glucidex IT21.  
4.4 Experimental Measurements of Roller Stress 
 
To validate the theoretical results, a prescale film (Fujifilm, UK) was used 
as a simple tool to measure the actual normal stress applied to the 
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material during roller compaction. The prescale colour film used in this 
work is comprised of two very thin layers, see Figure 4.5, which measure 
less than 200 µm thick. The film used was the super high pressure film 
product capable of measuring stresses between 130-300 MPa. The film is 
produced so that at certain stresses the microcapsules housed in the film 
will break and the colour-forming material reacts with the colour-
developing material causing a red colour to appear.  
 
Figure 4.5 – Fujifilm design (Mono-sheet) 
The actual maximum normal stress applied to the film can then be 
determined by relating the colour density to a stress using the standard 
chart supplied by Fujifilm, see Figure 4.6. 
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Figure 4.6 – Pressure density chart supplied by Fujifilm (Fujifilm 2012) 
4.4.1 Calibration 
Before any measurements using the roller compactor were carried out, a 
calibration curve was produced by using the standard pressure chart and 
colour samples provided by Fujifilm. This was done by importing images 
of the colour samples from the chart using a flatbed scanner at a 
resolution of 1200 dpi. Each image was then processed and converted into 
a grey scale image, and then a black and white image using a certain 
threshold value, see Figures 4.9-11. The same threshold value was then 
used throughout for any further image analysis. The mean grey scale 
value, i.e. the ratio of black to white pixels, of the black and white image 
101 | P a g e  
 
was then obtained by using an image processing and analysis piece of 
software called ‘Image J’.  
A plot showing the relationship between the colour density of the 
standard colour chart and their mean grey scale value was then produced, 
see Figure 4.7.  
 
Figure 4.7 – Relationship between colour density shown on standard 
colour chart (Fujifilm, UK) to the images mean grey scale value 
A plot was then produced using the standard colour chart and Figure 4.7 
so that the mean grey scale values can be directly converted to the stress 
given by Fujifilm, see Figure 4.8.   
0 
50 
100 
150 
200 
250 
0 0.2 0.4 0.6 0.8 1 
M
ea
n
 g
re
y 
va
lu
e
 
Colour density 
102 | P a g e  
 
 
Figure 4.8 – Calibration curve showing the relationship between mean 
grey scale value of an image to the maximum normal stress applied 
Figure 4.8 enables accurate conversion of mean grey scale values, obtained 
from films that have experienced a colour change due to stresses, into the 
maximum normal stress applied to the film.  
4.4.2 Experimental Method 
Experiments were then carried out using Glucidex IT21 in the roller 
compactor and the super high pressure film. The aim was to ascertain the 
actual maximum normal stress applied to the powder during compaction 
for different hydraulic pressures so as to be able to compare them to the 
theoretical predictions.  
Glucidex IT21 (at aw=0.15 at 25°C) was compacted through the WP120 at 
different hydraulic pressures using a 2 mm gap and a roller speed of 3 
rpm. Super high pressure film was placed on the rollers and subject to one 
pass through the rollers simultaneously. This was repeated three times for 
each hydraulic pressure. After the film had done one full rotation it was 
removed from the rollers and images were taken of the films using a 
flatbed scanner at a resolution of 1200 dpi, see Figure 4.9.  
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Figure 4.9 – Optical images of the film after it had passed through the 
roller compactor once (Left: 65 bar, Right, 100 bar) 
Images were then imported into the Image J software. The image was then 
converted into a grey scale image, see Figure 4.10, and then thresholded 
using a constant value to turn it into a complete black and white image, 
see Figure 4.11.  The threshold value used was the same as the one used 
previously for the film calibration.  
 
Figure 4.10 – Grey scale image (Left: 65 bar, Right, 100 bar) 
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Figure 4.11 – Black and white image after thresholding (Left: 65 bar, Right, 
100 bar) 
The mean grey scale value for each black and white image was obtained 
and related to a corresponding stress using the calibration curve shown in 
Figure 4.8. The average for each of the hydraulic pressures was then 
obtained along with the standard deviation and the results are shown in 
Figure 4.12.  
 
Figure 4.12 – Average normal stress shown by the stress films produced 
using different hydraulic pressures through the WP120 using Glucidex 
IT21 (at aw=0.15 at 25°C) 
0 
20 
40 
60 
80 
100 
120 
140 
160 
180 
200 
40 60 80 100 120 140 
M
ax
im
u
m
 n
o
rm
al
 s
tr
es
s,
 σ
0 
(M
P
a)
 
Hydraulic pressure (bar) 
Stress Film 
Average 
105 | P a g e  
 
However, due to the knurled surface of the rollers used on the WP120, see 
Figure 4.13, there is a significant area on each piece of stress film which 
remains white. This is due to little stress being applied in these small 
indentations. These white areas surrounding each diamond were present 
even at very high pressures, see Figure 4.9. It was therefore assumed that 
the stress in these regions was negligible compared to the diamond areas.   
 
Figure 4.13 – Photograph of the surface of the knurled rollers used on the 
WP120 
The fraction of this negligible area was calculated from a piece of film 
which had been compressed to a high hydraulic pressure (120 bar) in the 
WP120. At this pressure it appeared that the film was pushed to its limit 
as above this pressure there was very little change in film colour. The 
scanned image of the film was processed using Image J. It could be seen 
that the diamonds were completely solid black and all the lines 
completely white. The ratio of the white pixels to the black pixels was 
calculated to be 0.368 and this value was removed from the average grey 
scales obtained previously. This therefore scaled up the average maximum 
stress applied. The new average maximum normal stress values are shown 
and compared to the old values in Figure 4.14.  
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Figure 4.14 – Stress shown by the film strips for different hydraulic 
pressures using the average mean grey scale value and the scaled up 
maximum value 
As shown in Figure 4.14, removing the white areas increases the maximum 
normal stress by around 30%. Each of the experiments carried out with 
the stress film showed good reproducibility. The results show a linear 
increase as expected apart from a slightly lower pressure at 120 bar. 
However, this is likely to be due to the maximum colour density change 
occurring around this stress. In Figure 4.14 it can be seen that the 
maximum normal stress for this hydraulic pressure is nearly 250 MPa. 
From the pressure-density chart supplied by Fujifilm, Figure 4.6, it can be 
seen that above this stress there is little change in colour density as the 
film reaches its limit.  
The film was also tested using hydraulic pressures below 65 bar, however, 
these pressures were not high enough to register a colour change.  It is 
assumed that friction did not affect the experimental results of the film. 
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This can be justified as there should be negligible friction in the nip region 
where the highest stresses are applied to the film. Also, the fact that white 
areas on the film are still identifiable at high stress values suggests this 
assumption to be valid.   
4.5 Comparison between Experimental and Theoretical 
Results 
 
The plot shown in Figure 4.15 shows a comparison in results between the 
theoretical Johanson theory data and experimental stress film data. It can 
be seen that the experimental values follow the same trend as the 
theoretical ones and that the scaled up values, produced by removing the 
white line values due to the indentations in the rollers, show good 
agreement with similar values.  
 
Figure 4.15 – Comparison between theoretical and experimental 
maximum normal stress values 
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roller compactor for Glucidex IT21. The only material parameters which 
are required are the compressibility factor, the effective angle of internal 
friction and the wall friction as suggested by Johanson’s model. This 
result means that the actual normal stress applied to the material is 
known, rather than the hydraulic pressure or roller force. This value 
means that any further results can now be comparable to other materials 
and processes.  
4.6 The Influence of Moisture Content on Roller Stress 
 
Now the normal stress values for Glucidex IT21 (at aw=0.15 at 25°C) in the 
WP 120 has been proven, the next aim was to identify the effect, if any, of 
varying the initial moisture content of the amorphous material on the 
normal stress. To do this it was necessary to investigate the relationship 
between the water activity of the Glucidex IT21 and the three material 
properties required for Johanson’s theory. The effect of each of these 
properties, δE,    and K, on the maximum normal stress was then 
investigated by varying each one individually using the same calculation 
method and Fortran code as shown in Section 4.3. 
4.6.1 Effect of Powder Frictional Properties 
Previous literature (Iqbal and Fitzpatrick, 2006) has shown that 
increasing the moisture content of a powder, up to a point, will increase 
both the internal friction and wall friction values for hygroscopic powders 
as their glass transition temperature reduces. At a certain level of 
saturation, around 80% powder saturation, depending on the powder, it 
has been shown that the internal friction will decrease, normally due to 
the capillary wet powder state (Althaus and Windhab 2012). However, this 
is for systems much wetter than the ones used in this work. Therefore, it 
is assumed that increasing the water content of the powder will increase 
the two frictional properties of the Glucidex IT21. 
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According to Bindhumadhavan, Seville et al. (2005) increasing the 
effective angle of internal friction and the wall friction of a material will 
increase the maximum normal stress applied to a powder during roller 
compaction, see Figure 4.16 and Figure 4.17. This was investigated by 
decreasing both the friction values of a material simultaneously by adding 
to it a small amount of lubricant (magnesium stearate). The powder was 
then compacted through a purpose built gravity fed roller compactor 
using a set gap which was static. They found that decreasing both the 
friction values will decrease the nip angle and, therefore, decrease the size 
of the nip region. This means less powder is compressed into the roller 
gap which decreases the amount of stress applied to the material. The 
authors showed this experimentally as well as theoretically using 
Johanson’s theory. However, this was carried out using a roller compactor 
which did not have the capability of measuring or controlling the roller 
force. 
The other limitation in their work was the fact that they assumed a 
constant nip angle stress of 0.1 MPa as it could not be measured using 
their system. This has a large effect on the maximum stress calculation 
using  Johanson’s model.  
 
Figure 4.16 – Maximum normal stress (Peak pressure) applied to powder 
in a gravity fed roller compactor with varying internal friction angles. 
Figure from (Guigon, Simon et al. 2007) 
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Figure 4.17 – Maximum normal stress (Peak pressure) applied to powder 
in a gravity fed roller compactor with varying wall friction angles. Figure 
from (Guigon, Simon et al. 2007) 
In more advanced roller compactors there is commonly the ability to 
control both the roller gap and force using an inbuilt feedback 
mechanism, see Section 3.2.1, where this is the case for the WP120 roller 
compactor.  
If the force between the rollers being applied to the powder is known, then 
the nip angle stress can be calculated theoretically, as shown in Section 
4.3. It was found to be around 0.01 MPa for 30 bar hydraulic pressure, see 
Table 4.3. This is much lower than was predicted and assumed value, 0.1 
MPa, for the previous work carried out by Bindhumadhavan, Seville et al. 
(2005). 
Calculations investigating the effect of varying both the wall friction and 
the effective angle of internal friction on the maximum normal stress 
were carried out using the same method as before, see Section 4.3. The 
difference between this method and the work by Bindhumadhavan, Seville 
et al. (2005) is that the roller force is known and so no assumptions 
surrounding stresses are required.  
The effective angle of internal friction was varied from 30 to 50 degrees, as 
the majority of powders have a value in this region (Tan and Newton 
1990). This affects the nip angle as can be seen in Table 4.5 and Figure 4.18, 
with increasing internal friction increasing the nip angle.  This is the 
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same result as shown by (Bindhumadhavan, Seville et al. 2005). However, 
it can be seen in Table 4.5 that the nip angle stress changes with varying 
internal friction. This is different to their work as they assumed a 
constant nip angle stress. Figure 4.18 shows that the maximum normal 
stress does not change with varying internal friction when the roller force 
is known. Again this is a different result to Bindhumadhavan, Seville et al. 
(2005), see Figure 4.16, but this is because of their constant nip angle 
stress assumption and gravity fed roller compactor.   
Effective angle 
of internal 
friction 
(degrees) 
Nip angle 
(radians) 
Nip angle 
(degrees) 
Nip angle 
stress (kPa) 
30 0.208 11.92 398.72 
31 0.225 12.90 225.77 
32 0.238 13.64 147.22 
33 0.255 14.62 85.21 
34 0.269 15.42 54.80 
35 0.285 16.34 33.62 
36 0.305 17.48 18.59 
37 0.325 18.63 10.54 
38 0.345 19.78 6.10 
39 0.368 21.10 3.34 
40 0.387 22.18 2.08 
41 0.41 23.50 1.20 
42 0.434 24.88 0.70 
43 0.46 26.37 0.40 
44 0.489 28.03 0.22 
45 0.515 29.52 0.14 
46 0.545 31.24 0.08 
47 0.578 33.13 0.05 
48 0.61 34.97 0.03 
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49 0.649 37.20 0.02 
50 0.689 39.50 0.01 
Table 4.5 – The variation of nip angle and nip angle stress with changing 
effective angle of internal friction 
 
Figure 4.18 – Theoretical relationship between the effective angle of 
internal friction, nip angle and maximum normal stress in the WP 120 
roller compactor 
A similar result is shown in Figure 4.19 when varying the wall friction. The 
figure shows how the nip angle changes whilst the maximum normal 
stress remains constant with increasing wall friction values from 10 to 50 
degrees.  
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Figure 4.19 – Theoretical relationship between the wall friction, nip angle 
and maximum normal stress in the WP 120 roller compactor 
Looking into how the equations were used for this calculation gives a 
more in depth explanation as to why there is a constant maximum 
normal stress with varying friction values. Equations 4.9 and 4.10 describe 
how the roller force is related to the stress at the nip angle. 
  
  
 
 
Where 
    
                
                
 
 
  
 
      
 
 
 
(4.9) 
 
 
(4.10) 
 
Equation 4.11 describes how the maximum normal stress applied to the 
powder, σ0, can be calculated from the stress at the nip angle, assuming 
that no powder mass is lost through the nip region.  
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Equation 4.9 can then be substituted into Equation 4.11 to give the full 
relationship for the maximum normal stress, Equation 4.12. Equation 4.13 
is the same as Equation 4.12 just with two of the terms cancelled out.  
  
 
  
  
  
 
                
                
 
 
      
 
 
  
                
   
 
 
 
(4.12) 
 
 
From Equation 4.13 it can be seen that the only affect changing either of 
the two friction values has on the maximum normal stress is to change 
the upper integration limit, as they affect the nip angle.  
   
  
  
  
 
 
                
 
 
      
 
 
 
 
      
 
(4.13) 
 
The only time either of the friction values will affect the maximum 
normal stress is when they are significantly reduced, see Figure 4.20. At 
this point the nip angle will be reduced, causing a reduction in the inside 
integral** and therefore, a reduction in the maximum normal stress 
applied to the powder. This is reiterated in Figure 4.21 which shows the 
stress profile in the nip region and that increasing the nip angle has a 
negligible effect on the maximum normal stress.  
**  
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Figure 4.20 – The effect of varying either of the friction values (wall 
friction of effective angle of friction) on the inside integral 
 
Figure 4.21 – Pressure distributions in the nip region of the roller 
compactor for different hydraulic pressures 
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Therefore, for a roller compactor which is capable of controlling the roller 
force and roller gap, it has been shown theoretically that increasing the 
effective angle of internal friction or the wall friction will not affect the 
maximum normal stress applied to Glucidex IT21.  
4.6.2 Effect of Powder Compressibility, K 
A lot of previous work has been carried out investigating the effect of 
moisture content on the compression behaviour of amorphous materials 
during tabletting experiments. Li and Peck (1990) and Ollet, Kirby et al. 
(1993) showed that increasing the water content affected the compression 
behaviour of amorphous materials. They showed that amorphous 
materials with a higher water content compressed using the same stress 
exhibited a higher density. This is due to the higher moisture content 
causing more plastic deformation.  
However, the compressibility factor of a material, K, required for the 
Johanson equation is the gradient of the slope of the natural log of the 
normal stress in the vertical direction during uniaxial compression 
against the natural log of the density, see Equation 4.14.  
            
   
 
(4.1) 
Calculations investigating the effect of the compressibility factor on the 
maximum normal stress were carried out using the same method as when 
investigating the effect of the two friction values in Section 4.3. The same 
input parameters were used and are shown in Table 4.2. The 
compressibility factor values chosen were the same as the ones quoted by 
Johanson, (1965) i.e. from K=5, for compressible solids, to K=40, for 
relatively incompressible materials. Equation 4.2 was used to obtain the 
nip angle and Equations 4.6, 4.7 and 4.8 were used to calculate the 
maximum normal stress. The results are shown below in Figure 4.21. 
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Figure 4.21 – Theoretical relationship between the wall friction, nip angle 
and maximum normal stress in the WP 120 roller compactor 
Figure 4.21 shows that the compressibility factor has a significant 
influence over the nip angle, with increasing values reducing the 
theoretical nip angle. The maximum normal stress is also affected, with 
less compressible materials, i.e. a higher K value, being subjected to 
higher stresses. This is expected as a less compressible material will be 
subjected to a higher stress if subjected to the same force as a more 
compressible material. However, the increase in the maximum normal 
stress with increasing compressibility factor is not as substantial as 
expected. This is due to the fact that the nip angle reduces so significantly 
with an increasing compressibility factor. Figure 4.22 shows the 
theoretical relationship between hydraulic pressure in the WP120 roller 
compactor and maximum normal stress applied to the powder for varying 
compressibility factors. 
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Figure 4.22 – The theoretical relationship between hydraulic pressure in 
the WP120 roller compactor and maximum normal stress applied to the 
powder for varying K values 
Considering the two friction values had no effect on the maximum normal 
stress applied to the material during roller compaction, it is clear that the 
compressibility factor is the dominant material property. It was therefore 
essential to investigate the effect of varying the moisture content on the 
compressibility factor of Glucidex IT21.  
4.6.3 Effect of Moisture Content on the Compressibility Factor, K 
The effect of moisture content on the compressibility factor, K, of 
Glucidex IT21 was investigated experimentally. This was carried out using 
both the two methods described in Section 3.2.5. One uses a STYL One 
105ML tabletting simulator whilst the other uses a Kg-Pharma single 
punch station tablet machine. Two methods were used as it is not clear 
which method was originally used by Johanson (1965). One method uses 
an in-die density, where the change in volume is measured on-line during 
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powder compression, whilst the other uses an out-of-die density, where 
the volume of tablet is measured post powder compression. For both 
methods the uni-axial stress applied to the powder was at the lower range 
of that applied during the roller compaction process (ln(44.7)=3.8). It was 
not possible to test at the upper range due to the limit of the two pieces of 
equipment. 
Prior to each experimental method, the material was equilibrated to 
different water activities, 0.147-0.5 at 25°C, using the climatic chamber. 
Water activities above 0.5 at 25°C were not tested, as above this the 
material has a very low glass transition temperature. This makes it 
extremely difficult to process as it can easily move into its rubbery state.  
Table 4.6 shows the results for the mean compressibility factor for 
Glucidex IT21 at different water activities using the tabletting simulator 
and in-die data. The water activities for this method were chosen as they 
correspond to specific glass transition temperatures, Tg. The K values 
shown were obtained from a real time plot of the natural log of uni-axial 
stress vs the natural log of in-die density, see Figure 4.23.  
 
Figure 4.23 – In-die relationship between the natural log of pressure 
against the natural log of density for Glucidex IT21 
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aw (25°C) 
Tg (°C) Compressibility, 
K 
0.147 84 6.53 ±0.1 
0.247 70 6.07 ±0.1 
0.354 60 6.03 ±0.1 
0.421 52 6.49 ±0.1 
Table 4.6 – Mean compressibility factors for Glucidex IT21 at varying water 
activities obtained using the STYL One 105ML tabletting simulator (In-die) 
The results suggest that there is very little change in the compressibility 
factor with varying water activities.   
Figure 4.24 shows the natural log of uni-axial stress plotted against the 
natural log of the out-of-die density for Glucidex IT21 tablets produced 
using the tabletting machine at varying water activities. The results show 
that for a certain pressure the out-of-die density of the tablets increases 
with increasing water activity. This agrees with previous research and is 
due to the increased plasticity of the material with increasing moisture 
content (Li and Peck 1990). However, when considering the gradient of the 
slope, i.e. the compressibility factor, for each of the water activities it is 
clear that they are very similar. 
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Figure 4.24 – Out-of-die relationship between the natural log of pressure 
against log of density for Glucidex IT21 
Table 4.7 shows the gradients of each of the slopes shown in Figure 4.24. 
The table shows that there is very little change in the compressibility 
factor with varying water activity, as also suggested by the in-die method. 
It shows that the average compressibility factor for all the water activities 
is about 6.28. In comparison, the other method gave a very similar average 
value of 6.25.  
aw (25°C) 
Compressibility, 
K 
0.2 6.35 ±0.3 
0.3 6.58 ±0.2 
0.4 5.94 ±0.1 
0.5 6.08 ±0.5 
Table 4.7 – Mean compressibility factors for Glucidex IT21 at varying water 
activities obtained using the Kg-pharma tabletting machine 
Both methods suggest very similar values and are shown together, along 
with their standard errors, in Figure 4.25. This therefore proves that 
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varying the water content of Glucidex IT21 does not have an effect on the 
compressibility factor of the material. 
 
Figure 4.25 – Compressibility factor values for Glucidex DE21 and IT21 
obtained using two different methods with varying water contents 
In summation, according to Johanson’s theory there are three material 
properties that can affect the maximum stress applied to a material 
during roller compaction. These are the wall friction, the effective angle of 
internal friction and the compressibility factor. It has been shown that, 
although both the frictional properties of Glucidex IT21 are likely to 
increase with increasing water activity, they have no effect on the stress 
applied to the powder during processing. Conversely, compared to the 
frictional properties, the compressibility factor has much more of a 
significant impact on the stress calculations and even small changes can 
have a large effect on the stress. However, two separate experimental 
methods have shown that the compressibility factor of Glucidex IT21 does 
not change with varying water activity.  
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In conclusion, these results suggest that varying the water activity of the 
Glucidex IT21 will not affect the maximum normal stress applied to the 
material when being processed through the WP120. However, it is worth 
noting that this would be different if using a gravity fed roller compactor 
with a static roller gap.  
4.7 Further Experimental Work 
 
Further experiments were carried out to confirm the theory that varying 
the water activity of the material would not alter the stress applied during 
roller compaction. This was done by monitoring process variables during 
roller compaction of the material. Prior to compaction the powder was 
equilibrated to different water activities using the climatic chamber.  
The equilibrated powders were then compacted using two different 
settings: 
1. Using the feedback system which maintains a constant roller gap 
by varying the screw feed rate 
2. Without using the feedback system, therefore setting a constant 
screw speed with no gap control on 
Other parameters such as the hydraulic pressure (30 bar), roll speed 
(3rpm) etc. were kept constant for both experiments. For setting 1, the 
screw feed speed was monitored as the feedback mechanism, which is set 
to maintain a constant gap, was turned on. Any changes in screw speed 
would indicate that the feeding rate to the rollers had changed due to the 
hydraulic pressure between the rollers changing. This would indicate that 
the frictional properties were having an effect.  
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Figure 4.26 – Screw feed speed required to maintain a constant gap of 
2mm with powders equilibrated to different water activities 
Figure 4.26 shows the average value of screw feed speed recorded over a 30 
second period, once a steady state in the process had been reached. The 
results show that varying the moisture content of the Glucidex IT21 had 
little influence on the screw feed speed.  
For setting 2, a constant screw speed was chosen as the gap control 
mechanism was turned off. Powder equilibrated to different water 
activities was then processed through the WP120 using the same settings 
as before. The gap size was then monitored, similar to the screw speed 
before, over a 30 second period once a steady state in the process had been 
reached. The results are shown in Figure 4.27. 
0 
5 
10 
15 
20 
25 
30 
0 0.1 0.2 0.3 0.4 0.5 
Sc
re
w
 f
ee
d
 s
p
ee
d
 (
rp
m
) 
Water activity (25 ºC) 
125 | P a g e  
 
 
Figure 4.27 – Gap size observed when fed at a constant screw feed speed of 
35 rpm with powders equilibrated to different water activities 
Figure 4.27 shows that varying the moisture content of the powder also 
has little affect on the gap size seen when fed at a constant screw feed 
speed to the rollers. Both these results, therefore, support the theoretical 
ones in that varying the moisture content does not affect the maximum 
stress applied to the powder. This also means that changing the moisture 
content of the powder should not vary the porosity of the ribbons as the 
same mass of powder moves through the roller compactor. However, 
experimental results disagree with this but this is due to high 
temperatures causing the material to sinter, see Chapter 6. 
4.8 Conclusion 
 
In this chapter Johanson’s theory was used to predict the normal stress 
applied to Glucidex IT21 in the WP120 roller compactor. This was carried 
out using three material properties obtained experimentally, as well as 
the physical dimensions of the roller compactor. The predicted values 
were compared with experimentally determined values using calibrated 
stress films. The results showed good agreement, therefore ensuring the 
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relationship between the hydraulic pressure between the rollers and 
maximum normal stress applied to the material.  
This result proved that Johanson’s theory could be used theoretically to 
investigate the effect of varying the water content of the Glucidex IT21 on 
the stress applied to the material. It also meant that results throughout 
the rest of the thesis could be based on the maximum normal stress 
applied to the material. This is important as it ensures the results are 
comparable universally against other materials and processes.  
The theoretical results showed that varying the two friction properties of 
the material had very little effect on the maximum normal stress but that 
varying the compressibility factor, K, had a significant impact on the 
maximum normal stress. However, experimental data showed that the 
compressibility of Glucidex IT21 did not change with varying water 
contents. It was therefore concluded that stress applied to Glucidex IT21 
is constant with varying powder water contents. Thermal imaging results 
in Chapter 5 confirm the same result. This result is important to know so 
it can be ruled out when assessing the effects of varying the water content 
on ribbon physical properties in Chapter 6.  
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Chapter 5 – Ribbon Temperature during 
Roller Compaction 
 
5.1 Introduction 
 
The temperature of a material can have a significant effect on its 
properties, especially for amorphous materials due to their ‘free’ 
structure. Previous literature has shown that bulk powder temperature 
rises during compression when tabletting (Hanus and King 1968; 
Ketolainen, Ilkka et al. 1993; Wurster, Rowlings et al. 1995). It is predicted 
by the author that this increase in powder temperature will also be seen 
during roller compaction. This change in temperature has the potential to 
change the materials properties enough to affect the final agglomerate.  
However, no attempt, to the author’s knowledge, has been made to study 
the temperature of a material whilst being compressed during roller 
compaction. The aim of this chapter was to measure the ribbon 
temperature during roller compaction of different materials and to vary 
process parameters to investigate their influence on ribbon temperature. 
This was done by measuring the ribbon surface temperature during 
production using an infrared thermal camera.  
5.2 Thermal Camera Calibration 
 
The ribbon temperature was obtained using a thermal camera which 
measures infrared thermal radiation. The most important parameter to 
consider when measuring the infrared radiation of an object is its 
emissivity (FLIR 2012). The emissivity of a material is a measure of how 
much radiation is emitted from an object compared to a perfect black 
body.  It must be correctly set for each individual material/sample, as 
even the finish of a surface can affect the reading. The emissivity can also 
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be affected by environmental temperature but it is assumed in this work 
that the environmental temperature in the laboratory does not vary 
enough to affect the readings. It is also assumed that varying the moisture 
content of a material does not affect the emissivity value. 
The thermal emissivity of the three materials (Glucidex IT21, Micro-
Crystalline Cellulose and Sodium Chloride) used in this chapter were 
obtained by comparing the temperature of a bulk amount of the material 
with that of the infrared camera reading. The powder samples were heated 
until they reached a temperature of 50 °C in the climatic chamber. The 
temperature was then obtained using a thermometer whilst being imaged 
by the SC3000 imaging system. The temperature reading from the 
thermometer was then input directly into the THERMAcam researcher 
software to obtain a thermal emissivity reading. Emissivity values for the 
three materials are shown below in Table 5.1. Further details about the 
thermal imaging system can be found in the Materials and Method 
Chapter of this work, see Section 3.5. 
Material Thermal Emissivity ( ) 
Glucidex IT21 0.95 
Micro-Crystalline Cellulose 0.66 
Sodium Chloride 0.55 
Table 5.1 – Thermal emissivity values of roller compacted materials 
These emissivity values were used when obtaining thermal images for 
each material to make sure the temperature readings were calibrated.  
5.3 Ribbon temperature 
 
A Flir SC3000 thermal camera was used to obtain on-line ribbon 
temperatures of Glucidex IT21 during their production using a WP120 
roller compactor. Further details surrounding the method can be found in 
Section 3.5. During ribbon production the hydraulic pressure between the 
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rollers was varied from 30-180 bar pressure. The roller speed was kept 
constant at 3 rpm along with the roller gap at 2 mm. No roller cooling was 
used. Prior to roller compaction the Glucidex IT21 was equilibrated to 
aw=0.2 at 25°C in the Binder KMF240 climatic chamber.  
Figure 5.1 shows an example of three individual snapshots from the 
thermal imaging system. They show the Glucidex IT21 ribbon exiting the 
WP120 roller compactor at different hydraulic pressures (30, 80 and 120 
bar). A colour/temperature scale is shown on the right of the figure with 
the lighter colour signifying a higher temperature. In all cases, the 
thermal images were taken approximately 30 seconds after the feedback 
system on the roller compactor had reached a steady state, and a 2 mm 
gap between the rollers was kept constant.  
 
Figure 5.1 - Images taken with the thermal camera facing the exit of the 
roller compactor as the ribbon is exiting at different hydraulic pressures 
Even before further analysis was carried out on the images obtained it can 
be observed that there is clearly an increase in light colours, indicating 
that there is an increase in temperature with increasing hydraulic 
pressure. It can also be seen that parts of the ribbon appear much lighter 
just after exiting between the rollers and that the edges of the ribbon 
appear darker and, therefore, cooler than the centre of the ribbon.  
The images were then analysed using an Excel macro to obtain the 
maximum temperature observed in each frame with approximately 50 
frames in total per experiment. The macro code is shown in Figure 3A of 
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the Appendix. The average maximum value from all the frames is plotted 
below for each of the different compaction pressures used. This method of 
obtaining temperature values was used to produce all the figures shown 
below. 
The analysis showed that the results supported the observations from the 
thermal images that increasing the pressure increased the ribbon 
temperature. Table 5.2 and Figure 5.2 show the average maximum 
temperature of the ribbon as it exits the rollers, during a ten second 
period of steady state production, plotted against hydraulic pressure and 
the corresponding maximum normal stress. The figure shows that there is 
a near linear increase in the temperature with increasing hydraulic 
pressure with the highest hydraulic pressures showing ribbon 
temperatures of nearly 53°C.  
 
Hydraulic 
pressure 
(bar) 
Temperature 
(ºC) 
30 28.2 
50 32.8 
80 38.2 
100 41.9 
150 48.3 
180 52.9 
Table 5.2 – Glucidex IT21 ribbon exit temperatures for different hydraulic 
pressures (Tg-T=30°C, 3rpm and a 2 mm gap) 
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Figure 5.2 – Glucidex IT21 ribbon exit temperatures against hydraulic 
pressure and maximum normal stress (Tg-T=30°C, 3rpm and a 2 mm gap) 
This is the first time that ribbon temperatures during roller compaction 
have been recorded, to the author’s knowledge. Previous work by 
Ketolainen, Ilkka et al. (1993) showed an increase in tablet surface 
temperatures with increasing compaction force, with an increase of 
around 8°C. The results shown here support this previous finding but 
show a much higher temperature increase than expected.  
These high temperatures, at high hydraulic pressures, appeared to change 
the physical appearance of the surface of the ribbons, see Figure 6.19 in 
Section 6.6 for more detail. It was investigated and found that the surface 
of the ribbon had only a very minor effect on the emissivity value of the 
material, see appendix for more details. This therefore verified that the 
high ribbon temperatures being recorded by the thermal camera were 
valid. 
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5.4 Effect of Process Variables on Ribbon Temperature 
 
The effect of different process variables on Glucidex IT21 ribbon 
temperatures was investigated. For all the experiments the same 
conditions were used as mentioned previously, unless stated otherwise. 
All temperature data shown is the average maximum temperature of the 
ribbon as it exits the rollers during a ten second period of steady state 
production.  
5.4.1 Initial Powder Moisture Content 
In Chapter 6 the effect of varying the moisture content of Glucidex IT21 on 
ribbon properties will be investigated to see if it has an effect on the 
particle bonding mechanisms. It is necessary to assess the effect of 
moisture content on the ribbon temperature prior to this, so that any 
effects can be taken into account, as temperature changes will also affect 
material behaviour.  
Experiments were therefore carried out with IT21 powder that had been 
equilibrated at different water activities, (aw=0.1-0.4 at 25°C) using the 
Binder KMF 240 climatic chamber (Binder, Germany), to see if it affected 
the exit temperature of the ribbon. To confirm that the powder had been 
equilibrated the water activity was verified using the Rotronic HygroLab2 
(Rotronic, UK).  
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Figure 5.3 – Ribbon temperature on exit of roller compaction using 
powders equilibrated to different water activities  
Figure 5.3 shows that varying the water activity of the powder between 0.1-
0.4 (Tg-T value between 66.5 and 30) had no affect on the exit temperature 
of the ribbon. It is therefore presumed that as long as the material is in its 
glassy state (Tg-T>0) prior to compaction, the exit temperature of the 
ribbon after compaction under identical compaction conditions will 
always be the same. These results show an agreement with previous 
results, obtained in Chapter 4, which showed that the initial moisture 
content of Glucidex IT21 did not have an effect on the maximum normal 
stress applied to the powder.  
5.4.2 Roller Speed 
Another factor that could affect the bonding mechanism of the material is 
the ‘dwell’ time, i.e. the time the material is under compression. In the 
case of the roller compactor this is taken as the time the material spends 
in the nip region. This can be varied easily in the roller compactor by 
altering the roller speed. The effect of roller speed and, therefore, dwell 
time, on ribbon properties will be investigated in Chapter 7. To rule out 
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the effect of temperature, due to changes in the roller speed, experiments 
were carried out to assess its influence on the exit temperature of the 
ribbon.  
Glucidex IT21, which had been equilibrated to aw=0.2 and aw=0.4, was used 
in two different experiments. The roller speed was varied between 3-5 rpm 
whilst thermal images were obtained. The roller gap was kept constant at 
2 mm by using the online feedback system which altered the screw feed 
rate accordingly.  
 
Figure 5.4 – Ribbon temperature on exit of roller compactor using 
different roller speeds using powder equilibrated to aw=0.4 
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Figure 5.5 – Ribbon temperature on exit of roller compactor using 
different roller speeds using powder equilibrated to aw=0.2 
Figures 5.4 and 5.5 show the exit temperature of IT21 ribbons produced 
using different hydraulic pressures and roller speeds for powder 
equilibrated at water activities of 0.4 and 0.2 respectively. Both figures 
suggest that the roller speed has a minor effect on the exit temperature of 
Glucidex IT21 ribbons for all hydraulic pressures. This slight change in 
temperature is likely to be due to increased internal friction as the 
powder particles move through the rollers quicker (Rautenbach and 
Langecker 1975). This is because the screw feed rate has to increase to 
maintain the 2 mm gap between the rollers.  
However, these small changes in temperature with varying roller speed 
are unlikely to have a significant effect on the physical properties of the 
ribbon produced. A more significant increase in ribbon temperature with 
increasing roller speed can be seen for sodium chloride ribbons. The 
results are shown in Figure 4A in the Appendix. It is thought that the 
larger increase could be due to the material being less compressible than 
the Glucidex IT21.  
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The ribbon temperature for roller speeds much higher than 5 rpm (7-13 
rpm) were not obtainable. This is because the maximum limit of the screw 
feeder meant that not enough powder could be fed to the rollers at this 
roller speed whilst maintaining these hydraulic pressures and a 2 mm gap. 
To be able to investigate the effect of much higher roller speeds on ribbon 
temperature the roller gap had to be reduced to 1 mm and the hydraulic 
pressure reduced to only 30 bar so that less powder was required to 
maintain the gap. This required a screw feed rate which was below the 
maximum limit for the roller compactor even for roller speeds of up to 13 
rpm (the maximum roller speed for the WP120). The results are shown in 
Figure 5.6 along with the previous results, for a 2 mm roller gap. 
 
Figure 5.6 – Ribbon temperature on exit of roller compactor using 
different roller speeds and two different controlled roller gaps using 
powder equilibrated to aw=0.2 
Figure 5.6 shows that actually the ribbon temperature starts to decrease 
with increasing roller speed when using a 1 mm gap. This is contradictory 
to the results for roller speeds using a gap of 2 mm. It was thought that 
the reason for this change in trend could be related to the ratio of the 
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screw feed speed and the roller speed. The gap control feedback system 
was turned on for this experiment and so was automatically controlled. 
The feed screw speed for the varying roller speeds and gap sizes were 
therefore obtained to determine the relationship between them.  
 
Figure 5.7 – Relationship between the roller speed and screw speed when 
using the feedback mechanism to control the roller gap 
The relationship between the roller speed and the screw feed can be seen 
in Figure 5.7. It shows that for both roller gaps there is a linear increase. 
This, therefore, does not explain the contradicting temperature results 
seen for the different roller gaps seen in Figure 5.6. It was also checked 
that the mass flow of powder to the rollers was constant over time and 
that there was a constant mass per screw revolution for different feed 
screw speeds, which was true. These results are shown in Figure 5A and 
6A of the Appendix.  
The dwell time for each of the different roller speeds was then calculated. 
This was taken as the time the material spent in the nip region being 
compressed. It was obtained by calculating the distance the powder 
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travelled, assuming it was against the roller wall, by using the nip angle 
and dividing it by the rotational speed of the rollers. This was then plotted 
on the same figure as the roller speed and ribbon temperature, see Figure 
5.8. 
 
Figure 5.8 - Ribbon temperature on exit of roller compactor using different 
roller speeds using two different controlled roller gaps (2 mm -  , 1 mm -
). Dwell time of material with different roller speeds -   
Figure 5.8 shows that the dwell time follows a similar trend to the results 
shown for a 1 mm gap, with both decreasing with increasing roller speed. 
This is intuitive, as the powder spends less time being compressed it gains 
less temperature through the rollers. However, this does not explain the 
increase in ribbon temperature with increasing roller speed shown for the 
2 mm gap results. It is therefore suggested that the ribbon temperature is 
a function of the internal powder friction, affected by the screw feed, and 
the dwell time. 
Unfortunately, Johanson’s model does not take into consideration the 
speed of the rollers. It was therefore not possible to theoretically predict 
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the effect of varying the roller speed on the maximum stress applied to 
the Glucidex IT21 as this also might explain this result. 
5.4.3 Roller Gap 
The effect of changing the roller gap on the ribbon temperature of 
equilibrated Glucidex IT21 was studied. This was possible as the feedback 
mechanism is capable of controlling the roller gap, by altering the feed 
screw speed, whilst maintaining a constant hydraulic pressure. Two 
different roller gaps, 2 mm and 4 mm were tested.  
 
Figure 5.9 – Ribbon temperature on exit of roller compactor using 
different roller gap sizes using powder equilibrated to aw=0.2 at a roller 
speed of 3 rpm 
From Figure 5.9 it can be seen that increasing the gap slightly increases 
the exit temperature of the ribbon for all three hydraulic pressures, 
similarly to increasing the roller speed. This small change in temperature 
is unlikely to have a significant effect on the physical properties of the 
ribbon produced.  
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 
0 20 40 60 80 100 
Te
m
p
er
at
u
re
 (
°C
) 
Hydraulic pressure (bar) 
4mm 
2mm 
140 | P a g e  
 
Using Johanson’s model the theoretical relationship between the roller 
gap and the maximum stress applied to the material can be obtained for 
Glucidex IT21. This was calculated using Equations 4.6, 4.7 and 4.8 found 
in Section 4.3. The other parameter values were kept the same as previous 
theoretical calculations and can be found in Table 4.3 of the same Section. 
The results are shown in Figure 5.10 using the same material and 
dimensional inputs used in Chapter 4.  
 
Figure 5.10 - Theoretical relationship between the roller gap, nip angle and 
maximum normal stress in the WP120 roller compactor 
The results show that, according to the model, the maximum normal 
stress will decrease with increasing roller gap. This result was supported 
by recent experimental work carried out by (Nesarikar, Vatsaraj et al. 
2012b). This would suggest that increasing the gap would decrease the 
ribbon temperature as less stress causes less heat. However, the opposite 
result can be seen in Figure 5.10. A suggested reason for the slight rise in 
temperature with an increased gap is because of significantly higher screw 
feed rates required to maintain the gap at 4mm compared to a 2 mm gap, 
which will cause more friction (Rautenbach and Langecker 1975). This 
relationship between the roller gap and screw speed was obtained 
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experimentally using Glucidex IT21 and the WP 120 roller compactor, 
when the automatic feeding mechanism was switched off. The results are 
shown in Table 5.3 and Figure 5.11.  
Screw feed speed 
(rpm) 
Roller gap 
(mm) 20 2.4 
30 3 
40 3.5 
50 4 
60 4.9 
80 5.6 
 
Table 5.3 – Varying roller gap values due to different screw feeding speeds 
when using no hydraulic pressure between the rollers 
 
Figure 5.11 – Roller gap and screw feed speed relationship for 0 and 30 bar 
hydraulic pressure 
The figure shows that for both no hydraulic pressure and a hydraulic 
pressure of 30 bar that there is a near linear relationship between the 
roller gap and screw feed speed. The roller gaps are smaller for certain 
feed screw speeds when a hydraulic pressure of 30 bar is applied to the 
material compared to when zero hydraulic pressure is applied to the 
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material. It is worth noting that at the highest feed screw speeds the roller 
compactor started to struggle with the amount of torque required to 
continue feeding the rollers. The amount of stress acting on the material 
between the screw and the barrel must also have been quite high as it 
started to stick to the inside of the barrel. This prevented any further 
material from exiting the feed screw. 
Another reason for the increase in ribbon temperature with increasing 
roller gap is that a larger gap produces a thicker ribbon. This will prevent 
the heat from escaping as quickly as a thinner ribbon. It seems that both 
of these effects must cause slightly more of a temperature increase than 
the decrease caused by the reduced maximum normal stress. 
5.4.4 Roller Cooling 
In previous literature, (Ketolainen, Ilkka et al. 1993) showed that over 
time, during tabletting, the temperatures of the ejected tablets increase as 
the die warms up. It was unknown whether the temperature of the ribbon 
was being affected by the roller temperature as they may have been 
heating up during compaction. To assess this, a chiller was attached to the 
WP120 which continuously passed chilled water at 5°C around the inside 
of the rollers during production. Experiments were carried out with and 
without the chiller during the production of Glucidex IT21 ribbons using 
different hydraulic pressures. The results are shown in Figure 5.12. It is 
assumed that cooling the rollers has no effect on the maximum normal 
stress applied to the material.  
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Figure 5.12 – Ribbon temperature on exit of roller compactor using 
powder equilibrated to aw=0.1 with and without roller cooling. Roller gap 
set to 2 mm using a roller speed of 3 rpm. 
Figure 5.12 shows that the exit temperature of IT21 ribbons produced with 
and without the chiller on for powder equilibrated at a water activity of 
0.1 at 25°C. It shows that using the cooler has no effect on the exit 
temperature of the ribbons with both results still showing a large increase 
in temperature with increasing hydraulic pressure.  
This indicates that all the heat generation is coming from the compaction 
and friction of the material and not from the rollers. This also suggests 
that cooling would have no effect on the properties of the ribbon and 
production. This will be investigated in Chapter 7. However, it is worth 
noting that cooling appears to help prevent sticking of Glucidex IT21 to 
the rollers at high compaction pressures.   
Further experiments were then carried out to investigate the effect of 
roller cooling on the temperature of the ribbon immediately after 
compaction. This was carried out by immediately stopping the 
compaction process and then monitoring the rate of cooling of the ribbon 
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whilst still attached to the roller. The results are shown in Figure 5.13. It is 
worth noting that these experiments were carried out in exactly the same 
environmental conditions i.e. the same laboratory temperature.  
 
Figure 5.13 – Ribbon temperature after compaction at 150 bar using 
powder equilibrated to aw=0.2 with and without roller cooling 
It can be seen from Figure 5.13 that the initial rate of cooling (up to 5 
seconds) is much faster when roller cooling is on, as expected. After this 
time the rate of cooling is quite similar for the two experiments. This 
difference in temperature over time for cooling could affect the properties 
of the ribbon, especially when cooling from the higher temperatures.  
5.4.5 Lubrication 
The results from the roller speed and gap experiments seemed to suggest 
that friction could be the cause of increasing ribbon temperatures. 
Experiments were consequently carried out to investigate this further by 
using Glucidex IT21 which had been mixed with magnesium stearate to 
act as a lubricant, prior to equilibration in the climatic chamber.  
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Initially 1% magnesium stearate was added to the IT21 prior to 
compaction. However, it was found that when starting to roller compact 
the material so much slipping occurred between the powder and the 
rollers that a ribbon could not be produced. A similar phenomenon has 
been previously documented by He, Secreast et al. (2007) who showed that 
over lubrication prevented ribbon production. Experiments were then 
carried out using 0.5% magnesium stearate mixed with Glucidex IT21 
using the same conditions as the previous experiments, i.e. using a range 
of hydraulic pressures, a roller gap of 2 mm and a roller speed of 3 rpm. 
However, it was found that experiments could not be carried out at 
hydraulic pressures below 120 bar using these conditions. This was 
because the amount of material being fed to the rollers was still too high, 
even at the lowest screw feeder speed. This is due to the added magnesium 
stearate reducing the effective angle of internal friction and, therefore, 
causing more material to enter the screw feeder during feeding (Dawes, 
Gamble et al. 2012). Even at the lowest screw feed rate the mass of material 
passing through the rollers caused the gap to increase to around 5.2 mm 
for 30 bar hydraulic pressure. So to be able to see the effect of lubrication 
on ribbon temperatures at lower hydraulic pressures a larger roller gap of 
4 mm was used whilst continuing to use a roller speed of 3 rpm. The 
results for both 2 and 4 mm are shown in Figure 5.14.   
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Figure 5.14 – Ribbon temperature on exit of roller compactor using 
powder equilibrated to aw=0.2 with and without an additional lubricant 
using a gap of 2 and 4 mm 
It can be seen from the results shown in Figure 5.14 that the temperature 
of the exiting ribbon was around 3°C lower for the lubricated powder than 
for the unlubricated powder for both roller gaps. This is because of the 
reduced friction between powder particles which means less heat is 
created during processing, thereby reducing the temperature of the 
exiting ribbon. This supports the roller speed results which indicated that 
increasing friction was causing ribbon temperatures to increase with 
increasing roller speed. However, previous literature has shown that 
lubricating a powder will decrease the amount of stress applied to it 
during roller compaction (Miguélez-Morán, Wu et al. 2008). It is thought 
that it is a combination of these which results in the reduction of ribbon 
temperature.  
Figure 5.14 also shows the extrapolation of the roller gap results of 4 mm 
for both lubricated and unlubricated Glucidex IT21, assuming there is a 
linear relationship between hydraulic pressure and temperature as 
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suggested from previous results, see Figure 5.2 in Section 5.3. The 
extrapolation shows that both the results for 4 mm would be of a higher 
temperature compared to those at a 2 mm gap at higher hydraulic 
pressures. This agrees with the previous results shown in the roller gap 
section that increasing the roller gap slightly increases the ribbon 
temperature, even though Johanson’s model predicts a decrease in 
maximum normal stress.  
5.4.6 Discussion 
The initial results presented in Figure 5.2, show that the stress, due to the 
hydraulic pressure, has a significant impact on the temperature increase 
of the powder during roller compaction. This was supported by the result 
that the moisture content did not affect the temperature, as it was shown 
in Chapter 4 that the moisture content does not affect the stress applied 
to the powder. Also, roller cooling had no effect on ribbon temperatures, 
which is assumed also to have no effect on the stress applied to the 
material. It therefore seemed that the ribbon temperature was directly 
related to the maximum normal stress. However, other results, such as 
the effect of roller speed, gap and lubrication, show that friction also plays 
a part in the temperature increase. 
The temperature rise shown for Glucidex IT21 is significant, with the 
highest hydraulic pressures causing an increase of nearly 30 °C. This will 
certainly cause a change in the ribbon properties. Although it was shown 
that the ribbon temperature was not affected by the moisture content of 
the material, the high temperatures could affect the moisture content of 
the ribbons. Experiments were setup to investigate if these high 
temperatures had an effect on the water content of the ribbons post roller 
compaction.  
Glucidex IT21 was equilibrated to different water activities (at 25 °C) using 
the climatic chamber. Ribbons were then produced using the WP120 roller 
compactor at two hydraulic pressures of 20 bar and 180 bar. Ribbons were 
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taken directly from the process, crushed and placed into the rotronic cells 
to equilibrate to room temperature at 25 °C. Once the temperature in the 
cell had equilibrated, after about 30 minutes, the temperature and the 
relative humidity were both recorded.  
Figure 5.15 shows the difference between the initial water activity (powder) 
and the final water activity of ribbons produced at 180 bar (maximum 
normal stress of 450 MPa). The ribbons produced at 20 bar had an 
insignificant change in the water activity from the initial value. The 
points indicated by the straight line show the values if they had remained 
unchanged.  
 
Figure 5.15 – Difference between initial and final water activity of material 
after being roller compacted using a maximum normal stress of around 
450 MPa (Hydraulic pressure – 180 bar) 
From the figure it can be seen that all powders apart from aw=0.1 lost 
moisture during roller compaction. This is obviously due to the high 
temperatures reached during the process which drives off the moisture. 
The higher the initial water activity of the material, the more moisture is 
loss, with the lowest water activity showing no loss and actually a slight 
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gain in moisture. This gain for the aw=0.1 is because there is little surface 
moisture to be lost from the powder in the first place and also the relative 
humidity in the air of the lab (~35 RH%) means the powder will gain a 
small amount of moisture after compaction through equilibration, before 
it is placed in the rotronic cells.  
It is clear that the temperature rise seen during roller compaction will 
affect ribbon properties, especially for an amorphous material like 
Glucidex IT21. The temperatures reached at the high hydraulic pressures 
(~55°C) are higher than the glass transition temperature of this material 
(41.1°C at aw=0.5), which will completely change material behaviour. This 
will consequently have an effect on the physical properties such as the 
strength and porosity. This is investigated in the next Chapter.  
5.5 Different Materials 
 
The previous results show that both the maximum normal stress and the 
friction acting between the powder particles during roller compaction 
have an effect on ribbon temperatures. Therefore, the temperature rise 
should be material dependent as both of these will vary depending on the 
material properties. Ketolainen, Ilkka et al. (1993) showed that the 
temperature increase observed in tabletting was material dependent.  
This hypothesis was tested by following the on-line temperature of 
ribbons, using the same method as for Glucidex IT21, of two other 
materials. One semi-crystalline material, micro-crystalline cellulose 
(MCC), and one crystalline material, sodium chloride, were studied. The 
materials were stored in the climatic chamber at 20% R.H. and 25°C for 24 
hours prior to roller compaction. The results are shown in Figure 5.16 in 
comparison to the Glucidex IT21 results.  
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Figure 5.16 – Temperature increase of ribbons of different materials 
during roller compaction at varying hydraulic pressures 
The results show that the significant temperature rise with increasing 
hydraulic pressure occurs for both the other two materials. They also 
show that the increase is material dependent as expected.  MCC ribbons 
showed the highest temperatures at certain hydraulic pressures whilst 
sodium chloride ribbons had higher temperatures than Glucidex IT21. 
The reason for this difference in temperature is likely to be related to the 
three material properties which affect the stress applied to the material 
during roller compaction. These are the compressibility of the material, 
the internal angle of friction and the wall friction. Further work 
investigating this relationship is recommended to enable ribbon 
temperature predictions from material properties.  
5.6 Conclusion 
 
An increase in material temperature occurs during roller compaction. It 
has been shown that some process parameters, such as hydraulic 
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pressure, roller gap and speed, affect the ribbon temperature whilst 
others, such as roller cooling and moisture content, do not. It has also 
been shown that the ribbon temperature is material dependent. From this 
it can therefore be concluded that the rise in material temperature is 
related to the stress and the friction exerted on the material during the 
process. The significant increase in material temperature observed at high 
hydraulic stresses is likely to impact ribbon physical characteristics, 
especially for amorphous materials. 
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Chapter 6 – Determining the Bonding 
Mechanism Acting Between Particles 
6.1 Introduction 
 
One of the main aims when producing agglomerates is to be able to 
predict/control their physical properties such as the strength and 
porosity. These properties depend on processing conditions and material 
behaviour as these affect the type of bonding which occurs between 
particles to hold the agglomerate together.  
In roller compaction there is no additional liquid added to the process to 
act as a binder to stick the particles together. Instead the particles are 
bonded together as a consequence of the high compaction forces acting on 
the material (De Boer, Bolhuis et al. 1978). The type of bonding which acts 
between the particles in dry agglomeration (Van der Waals forces, 
interlocking forces, solid bridges etc.) depends highly on the 
compressibility, deformation and fragmentation characteristics of the 
material (Rumpf 1962).  
For hydrophilic amorphous materials these characteristics can vary 
significantly with water content and material temperature, which depend 
on the environmental conditions. In the labs at Sheffield a humidity and 
temperature logger was used to measure the conditions throughout a 
whole year. The results showed a huge variation with a temperature range 
of 18-25 °C and a humidity range of 16-78% relative humidity. This 
variation would alter the water content of Glucidex IT21 by over a massive 
15%.  
The water content also has an effect on the glass transition temperature of 
an amorphous material (Palzer 2007). Close to its glass transition 
temperature the material moves into its rubbery state and is, therefore, 
much less viscous. At this point it is suggested that any contact points 
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between powder particles may sinter together creating solid bridges 
(Palzer 2007). 
These solid bridges would generally be stronger than any other bond 
holding the particles together (Rumpf 1962) and would, therefore, produce 
a stronger agglomerate. They would also mean that there would be less 
void space in an agglomerate therefore reducing the apparent porosity.  
The aim of this chapter was to investigate the influence of the water 
content of an amorphous material, Glucidex IT21, on the physical 
properties of the agglomerate formed in a roller compactor. It was 
presumed that varying the water content will affect the bonding 
mechanism acting between the particles, therefore affecting the strength 
and porosity. This was investigated by assessing changes in ribbon 
strength and porosity with varying hydraulic pressure and initial powder 
water content.  
6.2 Method 
 
Glucidex IT21 powder was equilibrated in the Binder KMF 240 climatic 
chamber (Binder, Germany) to varying water activities (aw=0.1-0.5 at 25°C). 
Table 6.1 shows the water content (%wet-basis), the glass transition 
temperature and the Tg-T value for each of the powders. The Tg-T value 
shows the difference between the powder's specific glass transition 
temperature, Tg, due to their separate water contents, and the input 
powder temperature before compaction, T. For all experiments and 
throughout the rest of the thesis, T= 25°C. To confirm that the powder had 
been fully equilibrated the water activity was verified using the Rotronic 
HygroLab2 (Rotronic, UK). 
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aw (25°C) 
Water content 
(%wb) 
Tg (°C) Tg-T (°C) 
0.1 3.57 91.5 66.5 
0.2 4.65 77.5 52.5 
0.3 5.57 65.5 40.5 
0.4 6.63 55.2 30.2 
0.5 7.99 41.1 16.1 
Table 6.1 - Indicating the conversion of water activities for IT21 at 25 °C to 
water content and Tg-T values 
The powder at each water activity was then roller compacted using the 
WP120 at different hydraulic pressures ranging from 30-180 bar. The roller 
speed and roller gap were set to 3 rpm and 2 mm respectively. Roller 
cooling was turned on throughout production, cooling the rollers to a 
constant 5 °C.  
6.2.1 Ribbon Strength 
The strength of the ribbons was analysed using two methods. The first one 
is a conventional three point bend test which has been used in previous 
literature (Gupta, Peck et al. 2004; Farber, Hapgood et al. 2008). The 
second is a ball milling technique which relates a particle size after 
milling a ribbon to a relative breakage strength.  Further details about 
both methods can be found in Section 3.3.  
Three Point Bend Test 
The force required to break the ribbons was obtained using the 
Zwick/Roell Z 0.5. This was carried out for at least 10 ribbons for each 
hydraulic pressure and water activity. The tensile strength of the ribbons 
was then found by using this force required to break the ribbon, using a 
load speed of 1 mm/min, and its dimensions, using Equation 3.2. In this 
case the ribbons were at least 30 mm in length with an average thickness 
of around 1.8 mm. The distance between the two fulcrums was set to 26 
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mm to comply with British standards that l = (16 ± 1) × h (British 
Standards Institution 1977). The ribbon tensile strengths are shown in 
Figure 6.1.  
 
Figure 6.1 – Tensile strength of ribbons produced using Glucidex IT21 
stored at different aw (25 °C) 
Figure 6.1 shows that the pressure applied to the material has a large 
impact on the tensile strength of the ribbons for all Tg-T values. It is 
shown that the tensile strength of the ribbons increases with hydraulic 
pressure. The figure also shows that the Tg-T value of the powder appears 
to have little effect on the tensile strength of the ribbons. However, the 
ribbons produced using powder at Tg-T=16.1 do show a slightly higher 
strength than the other ribbons, suggesting that the high water content 
could be increasing ribbon strength. It can be seen that there is still a 
relatively large amount of error in the results, even though 10 ribbons for 
each data point were broken, especially for ribbons produced at higher 
pressures. There is no tensile strength data for higher hydraulic pressures 
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for powder equilibrated to Tg-T=16.1. This is because ribbons produced at 
these conditions were not cleanly shaped, and fragmented as they exited 
the roller compactor, see Figure 6.2. This meant that they would not 
physically sit in the equipment to measure the breakage force.  
 
Figure 6.2 – Image of Glucidex IT21 ribbon produced at 180 bar and aw=0.5 
(at 25°C) i.e. Tg-T=16.1°C 
Ball Milling 
The Retsch planetary ball mill was used to grind down 5 g of ribbon for 
each condition. The size distribution of the fragments post milling was 
then obtained using Qicpic (Sympatec, Germany) image analysis 
technology.  
Figures 6.3-7 show the average cumulative size distributions of the 
fragments produced using different hydraulic pressures and powders at 
different water activities. The size distributions presented are the average 
of 5 repetitions for each measurement. It can be seen that for all the 
figures an increase in the hydraulic pressure causes an increase in 
fragment size, therefore representing an increase in strength, with the 
curves shifting to the right. This is the same result seen previously from 
the three point bend test method, see Figure 6.1.  
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Figure 6.3 - Cumulative size distributions of fragments of ribbon produced 
with powder at aw=0.1 at 25 °C (Tg-T=66.5 °C) 
 
Figure 6.4 - Cumulative size distributions of fragments of ribbon produced 
with powder at aw=0.2 at 25 °C (Tg-T=52.5 °C) 
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Figure 6.5 - Cumulative size distributions of fragments of ribbon produced 
with powder at aw=0.3 at 25 °C (Tg-T=40.5 °C)
 
Figure 6.6 - Cumulative size distributions of fragments of ribbon produced 
with powder at aw=0.4 at 25 °C (Tg-T=30.2 °C) 
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Figure 6.7 - Cumulative size distributions of fragments of ribbon produced 
with powder at aw=0.5 at 25 °C (Tg-T=16.1 °C) 
To compare these data, the size distributions were originally fitted using 
the Weibull distribution equation, Equation 6.1. This fitting equation had 
previously been used in literature to model fragment size distributions 
(Cheong, Reynolds et al. 2004).  
     
   
 
  
 
 
 
 
(6.1) 
where y is the volume-fraction corresponding to a fragment size of x, and 
xc and m are the two fitting parameters. Physically, xc is the fragment size 
related to the volume-fraction at 63.2% and m is the gradient of the slope 
of each size distribution. A measure of the ability of this equation to 
adequately fit the size distributions, the coefficient of determination (R2) 
of the least squared fit, was found to be at least 0.98 for all the data. This 
coefficient is a measure of how well the equation fits the data with 1.0 
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being a perfect fit. The fitting parameter xc can then be used to compare 
the size distributions of the fragments. 
However, due to the relatively small bin classes (10 µm) chosen on the 
QicPic software when sorting the size distribution data, a large number of 
data points were obtained for the whole distribution. This meant that the 
d63 value for Q3 (cumulative distribution based on volume) could be 
accurately obtained directly from the distribution data without the need 
for fitting. A comparison between the values obtained directly from the 
QicPic software and from the fitting using the Weibull distribution 
equation revealed that they were extremely close. Figures showing the 
comparison are shown in Figures 7A, 8A and 9A of the Appendix. It was 
therefore decided to use the d63 value obtained directly from the size 
distribution to avoid the need for fitting.  
Figure 6.8 shows a plot of fragment size, d63, plotted against hydraulic 
pressure for the five powders equilibrated to different water activities. 
The results shown are in terms of their Tg-T value. Figure 6.8 reiterates 
the fact that increasing the hydraulic pressure increases the fragment size 
of the ribbons after milling for all five powders. It can also be seen, that in 
all cases, decreasing the Tg-T value increases the fragment size, with Tg-
T=66.5°C showing the smallest fragments and Tg-T =16.1°C showing the 
largest fragments. 
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Figure 6.8 - A plot of d63 fragment size against hydraulic pressure for 
varying Tg-T powder values 
It can be seen that for Tg-T=66.5 °C that at lower pressures, between 30 and 
65 bar, there is less of an effect on the fragment size than at higher 
pressures above 65 bar, where the increase in fragment size is more 
pronounced. The same can be seen for Tg-T=52.5 °C except that at a slightly 
lower pressure, around 50 bar, the fragment size starts to increase more 
rapidly. At much higher pressures, above 120 bar, the increase in size with 
pressure reduces. In the other cases, there is a substantial increase of 
fragment size at lower pressures unlike the previous two. This continues 
up to higher pressures where it appears to reach a plateau. The plateau is 
reached at smaller hydraulic pressures the lower the Tg-T value.  
This disagrees with the three point bond test results which suggested that 
the Tg-T value had no effect on the tensile strength of the ribbons, see 
Figure 6.1. It is thought this could be due to the three point bend test 
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the three point bend test method is based on one fracturing event whilst 
the ball milling method is based on a lot of breakage events. 
6.3.3 Comparison between Strength Test Methods 
The results from the two methods agree by showing that the strength of 
the ribbons increases significantly with increasing hydraulic pressure. 
However, they do not support each other when investigating the effect of 
varying the Tg-T value of the powder on ribbon strength. The ball milling 
method suggests an increase in ribbon strength with decreasing Tg-T 
value while the three point bend test method indicates no clear trend 
when comparing the Tg-T values. The results from both methods were 
plotted against each other but due to the lack of disparity between Tg-T 
values for the three point bend test there is not much that can be take 
from it. The plot can be found in Figure 10A of the Appendix.  
This is likely to be due to the error associated with the three point bend 
test method, previously shown by Gupta, Peck et al. (2005e) and the 
significant standard deviation error bars in Figure 6.1. The relatively large 
error is related to the non-uniform density across the width and the 
length of the ribbon, shown in Figure 6.9 and previous literature, which is 
attributable to the screw feeding system (Miguélez-Morán, Wu et al. 2009; 
Michrafy, Diarra et al. 2011). This also affects the average porosity 
measurement results, see Section 6.4. It is therefore apparent that for this 
application, the ball milling method provides clearer data.  
The ball milling method can also be useful when irregular shaped ribbons 
are produced as the shape of the ribbons is not an issue, as long as the 
same sample mass is taken which is representative of the whole ribbon 
width. These ribbons cannot be tested using the conventional three point 
bend test. This was sometimes the case for Glucidex IT21 ribbons 
produced at low Tg-T values as the material tends to stick to the rollers, 
even when roller cooling is turned on. 
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Although in this chapter only the results for Glucidex IT21 have been 
presented, it is put forward that any material and ribbon strength can be 
tested using this method. This is demonstrated in Chapter 7 where the 
strength of ribbons of alternate materials are found using this method. 
Both the rotating speed and milling time could easily be varied depending 
on whether more or less breakage was required to obtain a sample 
suitable for sizing.  
Overall, the ball milling method does not give a comparable value of 
tensile strength; however, it has been shown that it can be used to 
compare fragment sizes of broken ribbons to investigate material and 
process variables especially for non-uniform density and irregular ribbons. 
It can therefore be used to support three point bend test data as well as 
for applications when the three point bend test is not possible. 
6.4 Ribbon Porosity 
 
The density of the ribbons was originally obtained by measuring their 
mass, using a high precision balance (.001 g), and their volume by using 
digital callipers. At least 10 ribbon samples for each of the Tg-T values and 
hydraulic pressure conditions were measured. The average of these was 
taken to calculate the average ribbon porosity, using the true density of 
Glucidex IT21 (1.543 kg/m3). The results for the average ribbon porosity for 
the different Tg-T values are shown in Figure 6.9.  
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Figure 6.9 - A plot of porosity against hydraulic pressure for each of the Tg-
T values for Glucidex IT21 
The figure shows that the average porosity of the material decreases with 
increasing hydraulic pressure. It also shows that there appears to be no 
effect on the average porosity of ribbons with changing Tg-T value of the 
material. However, the physical appearance of the ribbons suggested that 
their density varied across their width, see Figure 6.10. This agreed with 
previous literature which showed that the porosity can vary quite 
significantly across the width of the ribbon (Miguélez-Morán, Wu et al. 
2009; Michrafy, Diarra et al. 2011).  
To investigate the extent to which this was occurring with the Glucidex 
IT21 ribbons and to further investigate the effect of the Tg-T value on the 
porosity, the central porosity of the ribbons was also obtained. This was 
done using the previous method of measuring the mass and volume of the 
ribbons. However, the ribbons were sectioned to distinguish a central 
porosity from the average porosity which is demonstrated in Figure 6.10.  
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Figure 6.10 - An image showing the dimensions used for sectioning the 
ribbons 
The results for the central ribbon porosity are shown alongside the 
average ribbon porosity in Figure 6.9. They show that the centre of the 
ribbon has a much lower porosity compared to the average ribbon 
porosity. This must mean that the outer porosity is significantly higher 
than the average porosity. This supports previous literature and is due to 
higher stresses being applied to the centre of the ribbon (Michrafy, Diarra 
et al. 2011). This is also supported by the thermal camera images which 
showed that, in general, the centre of the ribbons showed higher 
temperatures than the edges, see Figure 5.1 in Chapter 5.  
The results in Figure 6.9 also show a slightly clearer distinction between 
the porosity values of different Tg-T values. This suggests that the Tg-T 
value of the powder does have a small effect on the porosity, just as it does 
in the strength of the ribbon. In the figure it can be seen that central Tg-
T=66.5°C has the highest porosity for all hydraulic pressures. Although it 
becomes more difficult to distinguish the differences at 180 bar where all 
values are very similar.  
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6.4.1 X-ray Results 
To help clarify the effect of varying the Tg-T value on the porosity of 
Glucidex IT21 ribbons a more accurate method was introduced. 
Tomograms of the ribbons were obtained by using a microCT 35 X-ray 
scanner (Scanco Medical AG, Switzerland) using the method outlined in 
Section 3.4.2. Rbbons produced using extreme processing conditions were 
analysed. This meant the lowest and highest hydraulic pressures and Tg-T 
values. Table 6.2 shows the porosity values obtained using X-ray analysis 
for the different samples. The values shown are for the central core of the 
ribbon. 
Hydraulic 
pressure (bar) 
Water activity 
(at 25 °C) 
 
Tg-T value 
(°C) 
Porosity 
(%) 
30 0.1 66.5 28.2 
30 0.5 16.1 23.3 
150 0.1 66.5 2.3 
150 0.5 16.1 0.7 
Table 6.2 – Porosity values obtained from X-ray for Glucidex IT21 ribbons 
produced at varying hydraulic pressure and water activities 
These values show agreement with the previous experimental values 
which showed that water activity has an effect on ribbon porosity with 
higher Tg-T values showing lower porosities. However, when comparing 
the X-ray porosity values to the previous results, see Figure 6.11, it is clear 
that there is a considerable difference between them. Also, the X-ray 
results show that at high hydraulic pressures the porosity of the core of 
the ribbons is extremely low, nearing zero.  
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Figure 6.11 - A plot of porosity against hydraulic pressure for each of the 
Tg-T values for Glucidex IT21 
It was initially thought that this was due to the central ribbon results 
being calculated using the more crude method of calculating the porosity 
from the weight and volume of samples. However, when the results were 
examined further it could be seen that there was a constant difference 
between the central ribbon results and the X-ray results of 11-12%, see 
Figure 6.12.  
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Figure 6.12 – A comparison of the porosity values for ribbons obtained 
using the two different methods 
It was found that this difference could be accounted for if the indentation 
in the ribbon, left by the serrated surface of the rollers, see Figure 6.10, 
was taken into consideration. This was carried out by measuring the 
lowest and highest thicknesses across the ribbon to calculate two volumes 
for each ribbon sample, an over-prediction and under-prediction. An 
average of these two volumes was then obtained using the same ratio 
obtained during the stress film validation experiments. This was the ratio 
of the area left by the diamond indentations to the rest of the area of the 
ribbon. It was found to be 0.631 to 0.369 (See Chapter 4, Section 4.4.2 for 
more details). Figure 6.13 shows these new calculated porosities which 
show good agreement with the X-ray porosity values.  
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Figure 6.13 – A comparison of the porosity values for ribbons obtained 
using different methods taking into consideration the serrated ribbon 
surface 
This good agreement prompted all the previous porosity values to be 
amended by re-measuring the upper and lower thickness and using the 
same conversion factor. A new plot using the recalculated porosities 
which shows the relationship between maximum normal stress and 
porosity for different Tg-T values can be seen in Figure 6.14.  
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Figure 6.14 – The effect of normal stress and water activity on the central 
porosity of Glucidex IT21 ribbons 
These amended results show that the central porosity values for Glucidex 
IT21 ribbons at high hydraulic pressures are extremely low. For all Tg-T 
values the porosity decreases to <0.05 porosity at 150 bar pressure. These 
low values mean that there is very little air entrapped inside the material 
and that the ribbon samples are almost a uniform solid material. The new 
results also show a clearer distinction between the porosities for the 
different Tg-T values, supporting the previously mentioned notion that 
the Tg-T values affect ribbon porosity. It can be seen that Tg-T=66.5 °C and 
Tg-T=16.1 °C have the highest and lowest porosities respectively. These 
results also support the ribbon strength results in Figure 6.8, which 
showed that decreasing the Tg-T value of the powder increased the 
strength of the ribbon, as it well known that an agglomerate’s strength 
and porosity are inversely proportional to each other.  
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6.5 Relationship between Ribbon Structure and 
Physical Properties 
 
As well as ribbon porosity values, 3-D images showing the structure of the 
cores of the ribbon samples were also built using the X-ray tomographs. 
These are shown, along with their porosity values obtained using x-ray, in 
Figure 6.15 which shows a summary of the physical properties of Glucidex 
IT21 ribbons produced at extreme stresses and water activities. This 
shows the link between the tensile strength and porosity with the 
microstructure. It shows that increasing the solid fraction in the ribbons 
increases their tensile strength.  
 
Figure 6.15 – Summary of the structure, porosity and strength of Glucidex 
IT21 ribbons produced at extreme stresses and water activities. SEM 
images show the ribbon surface with a 600x magnification. 
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It is worth noting that the tensile strength of ribbons produced at 380 
MPa and aw=0.5 could not be calculated using the three point bend test. 
Ribbons produced using these conditions were unsuitable for this test as 
they stuck to the rollers and broke off in small pieces. The value presented 
in Figure 6.15 is a predicted value using the ball milling data.  
The SEM images taken using the InspectF FEI microscope illustrate the 
actual structure of the Glucidex IT21 ribbons, see Figure 6.16. These also 
help to explain the effects of varying the stress applied to the material and 
Tg-T value of the material. Figure 6.16 shows the internal view, looking 
head on, of two Glucidex IT21 ribbons produced using the same conditions 
apart from the hydraulic pressure. They show a clear difference in the 
internal structure of the ribbons with one showing void space, left, and 
the other showing a smooth uniform material surface, right. 
 
Figure 6.16 – SEM images showing the difference in Glucidex IT21 ribbon 
porosity for material at Tg-T=30.2°C (Left: 30 bar, Right: 120 bar) 
Figures 6.17 and 6.18 show SEM images of Glucidex IT21 ribbon surfaces at 
two different magnifications. They present a comparison of ribbon 
surfaces produced at different hydraulic pressures and Tg-T values. It can 
be seen that with increasing hydraulic pressure and water activity it 
becomes more difficult to distinguish individual particles as the surface 
173 | P a g e  
 
becomes smoother. This is due to the porosity decreasing as indicated by 
the earlier results.  
 
Figure 6.17 - SEM images at 160x magnification showing the difference in 
structure between the ribbon produced at 30, 80 and 180 bar pressure (top, 
middle and bottom respectively) as well as the difference between powder 
at Tg-T=30.2°C and Tg-T=66.5°C (left and right respectively) 
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Figure 6.18 - SEM images at 600x magnification showing the difference in 
structure between the ribbon produced at 30, 80 and 180 bar pressure (top, 
middle and bottom respectively) as well as the difference between powder 
at Tg-T=30.2°C and Tg-T=66.5°C (left and right respectively) 
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6.6 Discussion 
 
The results from the ball milling show that for all Tg-T values, increasing 
the hydraulic pressure increases the d63 fragment size produced after 
milling the ribbon. This increase in fragment size is an indication of an 
increase in resistance to breakage and, therefore, an increase in the 
strength of the ribbon and the bonds between the particles. The same 
result was found when using the three point bend test method to obtain 
the tensile strength data shown in Figure 6.1.  
It can be seen in Figure 6.19 that there is a degree of change between the 
fragment size and the hydraulic pressure between the lower and higher 
pressures. It is suggested that this signifies a change in the dominant 
bonding mechanism acting between the particles. At lower hydraulic 
pressures for the ribbons produced from powder with Tg-T values of 66.5 
and 52.5 °C, where the increase in strength is smaller and the ribbons are 
still relatively weak, it is suggested that the increase in strength is due to 
increased Van der Waals (VDW) forces as the particles slightly deform and 
move closer together. It is thought that interlocking forces between 
particles do not contribute as the material is so deformable and non-
needle shaped due to it being amorphous (Nystrom, Alderborn et al. 1993; 
Palzer 2011). The VDW forces hold the ribbon together whilst keeping it 
relatively porous as shown by the X-ray results and SEM images. These are 
the weakest type of bonding (Nystrom, Alderborn et al. 1993) and appear 
to be dominant for ribbons produced at pressures around 30-50 bar for 
these two powders.  
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Figure 6.19 - A plot of fragment size, d63, against hydraulic pressure for 
varying Tg-T powder values. Images show the difference in ribbon 
appearance when produced at difference hydraulic pressures and Tg-T 
values.  
At hydraulic pressures above this value (>50 bar) it can be seen that for 
these two powders (Tg-T= 66.5°C and 52.5°C) the increase in strength 
occurs at a higher rate. A similar increase in rate can be seen for the 
powders, Tg-T=40.5°C and 30.2°C, however, it occurs even at the lower 
pressures of 30 and 50 bar. This increase in rate is suggested to be due to 
micro-sintering, the creation of small solid bridges between particle 
contacts, due to high localised stresses, see Figure 6.20. 
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Figure 6.20 – SEM images showing micro-sintering at inter-particulate 
level 
These high stresses cause an increase in the localised temperature (Palzer 
2009). This increase in temperature changes the mechanical properties of 
this amorphous material as it causes the material to become much less 
viscous as it surpasses its glass transition temperature and moves into its 
rubbery state, allowing the contacts to sinter together (Palzer 2007). The 
combination of all the high localised temperatures generates heat and, 
therefore, an overall increase in ribbon temperature as shown in Chapter 
5. It is thought by the author that the temperatures observed using the 
thermal camera are not as high as localised temperatures at particle 
contacts, which unfortunately, cannot be viewed by the thermal camera. 
Figure 6.19 also shows that at higher pressures a plateau is reached for 
fragment sizes, with lower Tg-T values reaching the plateau at lower 
hydraulic pressures. This is suggested to be an indication of complete 
particle sintering as the heat generated between particle contacts pushes 
the bulk of material close to its glass transition temperature. At this point 
the high stresses applied to the material force the particles to sinter 
together, creating a nearly non porous, uniform material, see bottom left 
image in Figure 6.18. It is, therefore, not possible to increase the bonding 
strength any further at this point, hence the plateau.    
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It can be seen in Figure 5.3 in Chapter 5, that the increase in temperature 
with hydraulic pressure, observed using the thermal camera, is 
independent of the Tg-T value. This explains why in Figure 6.19 that the 
lower the Tg-T value, the earlier the onset of micro-sintering. Also, the 
lower the Tg-T value, the higher the fragment size, d63, at a certain 
hydraulic pressure. This is because the lower the Tg-T value, the lower the 
pressure required for the powder to reach its glass transition temperature 
and the higher the proportion of the particles across the ribbon width 
which have sintered. This also explains the central porosity values in 
Figure 6.9; at lower Tg-T values at higher hydraulic pressures a higher 
proportion of the particles have sintered, therefore reducing the porosity.  
This result agrees with previous literature which proved that an increase 
in water content increased the deformation of amorphous powder during 
compression (Ollet, Kirby et al. 1993; Sebhatu, Ahlneck et al. 1997). This is 
also supported by the SEM images which reveal the surface characteristics 
of the ribbons. These can be seen in Figures 6.17 and 6.18 and show ribbons 
produced at low, medium and high compression pressures for powders at 
Tg-T=30.2 °C and Tg-T=66.5 °C at different magnifications (160x and 600x).  
It can be seen that there is little to distinguish between the surfaces of the 
ribbons produced at different Tg-T values at low pressure (30 bar). 
However, at 80 bar pressure a difference between the two ribbons can 
easily be observed with the ribbon at Tg-T=30.2 °C appearing smoother 
with less particles on the surface compared to the ribbon at Tg-T=66.5 °C. 
It can also be seen that the images for the ribbon at Tg-T=66.5 °C at 180 bar 
pressure are very similar to the images shown for the ribbon at 80 bar 
pressure and at Tg-T=30 °C. Both show smooth surfaces which make it 
difficult to distinguish individual particles. This is because the amount of 
deformation and solid bonding is dependent on both the pressure and the 
water content of the powder and, therefore, Tg-T=30.2 °C requires less 
pressure to cause sintering. At 180 bar pressure for the ribbon produced 
with Tg-T=30.2 °C powder, i.e. high pressure and high water content, it can 
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be seen that the material is almost completely flat and starts to resemble 
one uniform material. Furthermore, the material appears to have cracked 
which is likely to have happened due to unloading stresses as the ribbon 
exited the compactor.  
These SEM images support this hypothesis that at a certain pressure, 
depending on the Tg-T value, the particles sinter together and solid 
bonding becomes the dominant bonding mechanism. For the powder with 
the lowest Tg, i.e. Tg-T=16.1 °C, it is clear that this occurs even at low 
pressures as the strength of the ribbon at 30 bar is much higher than the 
others, see Figure 6.19.   
As well as a difference in surface characteristics between the ribbons, it 
was observed during the production of the ribbons that their appearance 
altered with increasing hydraulic pressure. A similar observation was 
made by (Wu, Hung et al. 2010) when increasing the moisture content of 
powder.  Figure 6.19 shows images of ribbons, added to the plot of milling 
data, produced at a hydraulic pressure of 30 bar and at 150 bar with 
powder at Tg-T=30.2 °C. It can be seen that the ribbon produced at 30 bar 
has the appearance of compressed powder, whilst in contrast the ribbon 
produced at 150 bar appears to have some parts which are translucent, 
looking more like a uniform solid with a smoother surface. These 
translucent parts appeared in the centre of the ribbon whilst the outer 
regions continued to look like compacted powder. This is due to a lower 
porosity in the centre of the ribbon, as shown in Figure 6.12 which shows 
the porosity reducing to nearly zero. At pressures above 150 bar for 
powder Tg-T=30.2 °C it could be seen that nearly the entire ribbon 
produced was translucent. This is due to the particles sintering together 
whilst in their rubbery state during compression and then moving quickly 
back into their glassy state. This also explains why in some of the SEM 
images it appears as though bubbles have been trapped in the solid 
material, see Figure 6.20. 
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6.7 Conclusion 
 
This chapter investigated the effect of varying the hydraulic pressure and 
water content on the strength and porosity of the resulting Glucidex IT21 
ribbons. It has shown that increasing the hydraulic pressure increases the 
strength of the ribbon whilst decreasing the porosity. Increasing the 
water content, and therefore reducing the Tg-T value, causes the ribbon 
porosity to reduce whilst increasing the ribbon strength. However, the 
hydraulic pressure has more of a significant effect overall than the water 
content. 
Both the increasing hydraulic pressure and the water content cause more 
plastic deformation and micro-sintering between the amorphous 
particles. This is due to a higher temperature and lower glass transition 
temperature respectively, which both cause the material’s viscosity to 
reduce. At a certain pressure, depending on the Tg-T value, the particles 
will start to sinter together as the glass transition temperature is reached 
and solid bonding becomes the dominant bonding mechanism. The 
strength and porosity of the ribbon, produced during roller compaction of 
an amorphous material, is therefore dependent mainly on the hydraulic 
pressure but also the water content of the material. The water content of 
the initial material is therefore an important variable to not only consider 
but to be utilised in a way to control the final properties of the ribbon.  
The work in this chapter has also shown that a new method for breaking 
the ribbons, ball milling, can be used to analyse their strength. It has 
advantages over conventional methods as it is not limited by ribbon shape 
and gives a clearer and fairer overall indication of ribbon strength.  
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Chapter 7 - Effect of Process and Material 
Parameters on Ribbon Properties 
 
7.1 Introduction 
 
Previous work in Chapter 5 had shown that certain process parameters 
have an effect on ribbon temperatures. Results in Chapter 6 have shown 
that the temperature can have a significant influence over ribbon 
properties (strength and porosity). The aim of this chapter was, therefore, 
to investigate the relationship between process parameters (roller speed, 
gap, cooling and lubrication) and ribbon properties and how these 
properties link to ribbon temperatures.  
7.1 Effect of Roll Speed 
 
It has been previously shown that during the production of Glucidex IT21 
ribbons, sintering occurs causing solid bonding between the particles. 
This affected the microstructure and strength of the ribbons. This was 
shown to be dependent on the normal stress applied to the powder as well 
as the powder’s Tg-T value. This was carried out using a constant roller 
speed and as it is unknown what affect varying the roller speed would 
have on the normal stress applied to the powder. This is because, as 
mentioned in Chapter 4, roller speed is not taken into consideration in 
the Johanson’s model and so the effect of roller speed on the normal 
stress could not be predicted. However, for this work it is assumed that 
the normal stress is constant with varying roller speeds. This is because i) 
the hydraulic pressure can be constantly maintained throughout 
production using the WP120 feedback mechanism and ii) the thermal 
camera results shown in Section 5.4.2, indicate that the ribbon 
temperature is only slightly affected by roller speed and this was put 
down to varying screw speeds.  
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However, although the normal stress was assumed to be constant, due to 
the sintering of the material at certain temperatures, it is predicted that 
the speed of the rollers will have an influence on the microstructure and 
strength of the ribbons. This is because at different speeds the ‘dwell’ time, 
the time spent under compression between the rollers, varies, therefore 
altering the time available for the particles to bond together. 
Consequently, it is predicted that at higher speeds the ribbons will 
become weaker. This result had been previously shown by Gupta, Peck et 
al. (2004), however, this was attributed to thinner ribbons as the roller gap 
was not controlled. To the author’s knowledge no previous work 
investigating the effect of varying the roller speed, whilst maintaining a 
constant gap, on ribbon properties has been published.  
7.1.1 Method 
Glucidex IT21 was equilibrated to Tg-T=52.5°C using the Binder KMF 240 
climatic chamber. To confirm that the powder had been equilibrated the 
water activity was verified using the Rotronic HygroLab2. The powder was 
then roller compacted in the WP120 using a 2 mm gap at varying 
hydraulic pressures (30-150 bar) and roller speeds (3-7 rpm). The tensile 
strength of the ribbons was determined using the three point bend test 
(see Section 3.3.3 for more details). The results for the different roller 
speeds are shown in Figure 7.1. Unfortunately, it was not possible to 
produce ribbons which were suitable for this method at high hydraulic 
pressures for 5 and 7 rpm. It was also difficult as there is a limit on the 
screw feeder which means that it struggles to feed enough material to the 
rollers to maintain a 2 mm gap at these high speeds.  
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7.1.2 Results 
 
Figure 7.1 – Tensile strength of Glucidex IT21 ribbons equilibrated to Tg-
T=52.5 produced at varying rollers speeds (3-7 rpm) using a constant roller 
gap (2 mm) obtained using the three point bend test method 
The results in Figure 7.1 show that the tensile strength of the ribbons does 
not vary with roller speed. This result disagrees with the prediction and 
previous literature (Gupta, Peck et al. 2004), however, this is due to a 
constant gap being maintained, rather than decreasing due to higher 
roller speeds. This result also seems to support the assumption that the 
normal stress does not vary with roller speed. It was decided to use 
another method, ball milling, to obtain ribbon strengths to verify the 
result. The results are shown in Figure 7.2.  
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Figure 7.2 – Hydraulic pressure against fragment size, d63, for different 
roller speeds using a 2mm gap and Glucidex IT21 powder equilibrated to 
Tg-T=52.5 
Figure 7.2 shows that there is little change in the d63 value with varying 
roller speeds. This suggests that the roller speed has no influence over the 
strength of the ribbons. This supports the data from the three point bend 
test showing that, contrary to the prediction, the roller speed does not 
affect ribbon strength. An explanation for this is thought to be due to an 
increase in ribbon exit temperature with increasing roller speed, as shown 
in Section 5.4.2. This increase in temperature means that the rate of 
particle sintering during compaction would be slightly higher with 
increased roller speeds. It is suggested that due to these higher 
temperatures at higher roller speeds, the difference in the compaction 
times, has a negligible effect on the strength of the ribbons. 
As this result with Glucidex IT21 did not follow the prediction, that 
increasing the roll speed would decrease the strength of the ribbons, two 
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more materials were tested. Another advantage of using different 
materials was to be able to use much higher roller speeds than 7 rpm, 
which was the maximum for Glucidex IT21. One of the materials tested 
was semi-crystalline microcrystalline cellulose (MCC), and the other was 
common crystalline sodium chloride salt (NaCl). The same method was 
used as the for the Glucidex IT21 ribbons and both powders were stored in 
the climatic chamber at 20% relative humidity and 25 °C prior to 
processing. The results for both materials can be seen in Figures 7.3 and 
7.4.  
Figures 7.3 and 7.4 indicate that there is no significant difference in the d63 
values for different rollers speeds, up to 9 and 12 rpm respectively, for 
both MCC and NaCl. They therefore show agreement with the results for 
Glucidex IT21 that the roller speed has very little influence on ribbon 
strength when maintaining a constant gap. All the results continue to 
show that increasing the hydraulic pressure increases the strength of the 
ribbon as expected.  
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Figure 7.3 - Hydraulic pressure plotted against particle size, d63, for 
different roller speeds (3, 6 and 9 rpm) using microcrystalline cellulose 
(MCC). The roller gap used was 2 mm and the powder was equilibrated to 
20% RH. 
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Figure 7.4 - Hydraulic pressure plotted against particle size, d63, for 
different roller speeds (6, 9 and 12 rpm) using crystalline sodium chloride 
(NaCl). The roller gap used was 2 mm and the powder was equilibrated to 
20% RH. 
Interestingly, comparing the fragment size, d63, for each of the materials 
illustrates a clear difference in the MCC values compared to the other two 
materials, with values nearly 10 times larger (up to ~2000 µm). This 
indicates that the microcrystalline cellulose ribbons had a much higher 
strength compared to the other two. This resistance to breakage was so 
high that the ball mill failed to break one of the ribbons produced at 180 
bar at 9 rpm after 30 seconds at 400 rpm.  
As aforementioned, these results disagree with previous literature (Gupta, 
Peck et al. 2004), but this is due to the fact that a constant gap can be 
maintained when varying the roller speed. This is an interesting result as 
it suggests that the production rate of ribbons can be varied with the 
knowledge that this will not affect the strength of the product. However, 
further work is required to conclude this, specifically concentrating on 
ribbon porosity.  
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7.2 Effect of Cooling on Ribbon Properties: 
 
It has been shown that increasing Glucidex IT21 temperatures during 
roller compaction has a large effect on the physical properties of ribbons. 
In the Chapter 5 it was determined that using the inbuilt roller cooling 
function had no effect on the ribbon surface temperature of Glucidex IT21 
during production, see Section 5.4.3. However, it was found that roller 
cooling helped to prevent Glucidex IT21 from sticking to the rollers, 
therefore improving ribbon production. Consequently, it was predicted 
that using roller cooling would have no effect on ribbon properties. This 
theory was tested by comparing the tensile strength and porosity of 
ribbons produced both with and without roller cooling to 5 °C. To the 
author’s knowledge, no previous literature has investigated the effect of 
roller cooling on ribbon properties.  
7.2.1 Method 
The Glucidex IT21 was equilibrated to Tg-T=52.5°C in the Binder KMF 240 
climatic chamber prior to compaction. To confirm that the powder had 
been equilibrated the water activity was verified using the Rotronic 
HygroLab2. Ribbons were produced using a 2 mm roller gap using a roller 
speed of 3 rpm. Roller cooling was either turned on, utilising a water 
chiller at 5 °C to cool the rollers, or off (the rollers were at ambient 
temperature) during ribbon production. The average porosity of the 
ribbons was assessed by measuring their volume and mass. Their tensile 
strength was obtained using the three point bend test method. 
7.2.2 Results 
Figure 7.5 shows that the tensile strength of the ribbons increases with 
hydraulic pressure but that cooling the rollers during production has no 
significant effect. The same result can be seen in Figure 7.6 which shows 
that there is very little effect on the porosity when using roller cooling, 
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with no clear trend in difference between the values for when roller 
cooling is on and off.   
 
Figure 7.5 - Tensile strength of ribbons produced using Glucidex IT21 at Tg-
T=52.5°C for both cooling and no cooling (2 mm gap and 3 rpm roller 
speed). Results obtained using the three point bend test method  
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Figure 7.6 - Porosity of ribbons produced using Glucidex IT21 at Tg-
T=52.5°C for both cooling and no cooling (2 mm gap and 3 rpm roller 
speed). Results obtained using the three point bend test method 
These results follow the prediction that the physical properties of the 
ribbon are not affected by whether cooling is used or not. This is because 
this parameter has no influence over the normal stress applied to the 
material nor the exit temperature of the ribbon. This result implies that 
roller cooling can be used to aid ribbon production, by preventing 
sticking, without any subsequent effect to the product. 
7.3 Effect of Lubrication on Ribbon Strength: 
 
A lubricant is commonly used in powder processes in industry as it aids 
flowability and helps prevent segregation and sticking (Pitt, Sinka et al. 
2007). It can be mixed into the powder prior to processing or in some 
cases applied to the equipment, i.e. the rollers or die.  
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As previously mentioned in Chapter 6, sticking of Glucidex IT21 to the 
rollers was an issue when using low Tg-T values and high pressures. This 
meant it was difficult to produce uniform ribbons required for the three 
point bend test method, as the ribbons fragmented into small pieces when 
they were forced from the rollers by the scrapers. It was found that roller 
cooling as well as lubricating the rollers prior to compaction helped to 
prevent sticking and produce longer, more uniform ribbons. Previous 
work by Miguélez-Morán, Wu et al. (2008) has shown that lubricating just 
the rollers has no affect on the normal stress applied to the rollers during 
compaction. This means it is unlikely that ribbon properties would be 
affected by this, however, no work has tested this theory. Previous 
literature has also shown that adding magnesium stearate to powders 
prior to roller compaction reduces their density (Miguélez-Morán, Wu et 
al. 2008). This is due to the reduction in friction which reduces the normal 
stress applied to the powder. However, no literature, to the author’s 
knowledge, has shown the effect of powder lubrication on the strength of 
ribbons. Work in the previous chapter has shown that adding 0.5% 
magnesium stearate to Glucidex IT21 reduces its ribbon exit temperature. 
It was therefore predicted that the addition of a lubricant to the Glucidex 
IT21, prior to processing, will reduce the strength and decrease the density 
of ribbons produced by roller compaction.   
7.3.1 Method 
Glucidex IT21 with and without additional 0.5% magnesium stearate was 
equilibrated to Tg-T=52.5°C in the Binder KMF 240 climatic chamber prior 
to compaction. To confirm that the powder had been equilibrated the 
water activity was verified using the Rotronic HygroLab2.  
For the first experiment, magnesium stearate was applied to the rollers 
and ribbons were then produced using only Glucidex IT21. Ribbons were 
produced using a 2 mm roller gap using a roller speed of 3 rpm. During 
production roller cooling was turned on, chilling the rollers down to 5 °C. 
The ribbons used for analysis were collected after 30 seconds of ribbon 
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production to verify that steady state production had been reached and 
no large lumps of magnesium stearate were in the produced ribbon. Their 
tensile strength was determined using the three point bend test method.  
For the second experiment, both pure Glucidex IT21 powder and the blend 
with the additional 0.5% magnesium stearate was roller compacted using 
the WP120, this time without lubricating the rollers. A roller speed and 
gap were set to 3 rpm and 2 mm respectively. As experienced in Chapter 5, 
the roller compactor was unable to produce ribbons using a gap at 2 mm 
whilst applying a hydraulic pressure of less than 120 bar for the powder 
blend with the additional lubricant. Consequently, for hydraulic pressures 
below this value, ribbons were produced using the same roller speed 
whilst using a 4 mm gap. The same process conditions were then used to 
produce ribbons using pure Glucidex IT21. The strength of the ribbons was 
determined using the ball milling method. This was because ribbons 
produced using Glucidex IT21 with the additional lubricant using a 4 mm 
gap were very weak. This meant the ribbons fragmented easily and did not 
reach the required length, 64 mm, necessary to use the three point bend 
test.  
7.3.2 Results 
A comparison between the tensile strengths of Glucidex IT21 ribbons 
produced when the lubricant was applied to the rollers and when no 
lubricant was applied is shown in Figure 7.7. It can be seen that applying a 
lubricant to the rollers has no significant effect on the tensile strength of 
ribbons. This follows the prediction and agrees with previous literature 
that applying a lubricant to the rollers does not affect the normal stress 
applied to the material. This technique could therefore be used during 
ribbon production to aid processing with the knowledge that it would not 
affect product properties.  
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Figure 7.7 – Tensile strength of Glucidex IT21 ribbons produced both with 
and without a lubricant applied to the rollers. The powder was 
equilibrated to Tg-T=52.5°C and a roller gap and roller speed of 2 mm and 3 
rpm were used respectively. 
Figure 7.8 shows the effect of adding a lubricant to the Glucidex IT21, prior 
to roller compaction, on the strength of ribbons. For both different roller 
gaps at both high and low hydraulic pressures, the results show that the 
ribbon produced using the lubricant had significantly smaller fragment 
sizes after milling. This signifies a weaker ribbon and is due to reduced 
friction between the powder particles. This reduced friction reduces the 
stress applied to the powder particles and consequently reduces the heat 
generated. This was shown using the thermal camera and can be seen in 
Figure 5.14 in Chapter 5. This is because the lubricant acts as a boundary 
layer between Glucidex IT21 particles. This causes less sintering between 
the amorphous particles, which has been shown to be a dominant bonding 
mechanism in Glucidex IT ribbons. As a result this shows that although 
lubricating the powder has benefits when processing material, it also has 
significant effects on the properties of the ribbon formed.  
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Figure 7.8 – Hydraulic pressure against fragment size, d63, showing the 
effect of magnesium stearate on the strength of Glucidex IT21 ribbons 
An experiment was then conducted so as to be certain that the lubricant 
was reducing the ribbon strength and not just affecting the ball milling 
method. To do this 0.5%, by weight, of magnesium stearate was added into 
the ball milling process along with a piece of pure Glucidex IT21 ribbon. A 
similar piece of pure Glucidex IT21 ribbon was taken and also milled down 
but without any added lubricant to the ball milling. This was repeated 
three times and Figure 7.9 shows the fragment size distributions post 
milling. The results show that the added magnesium stearate ever so 
slightly affects the number of large fragments with the d90 values being 
slightly lower. However, in general, and specifically for the d63 values the 
lubricant appears to have no significant affect during milling, therefore, 
ruling out the possibility it affected the previous result.  
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Figure 7.9 – Hydraulic pressure against Particle size, d63, showing the 
effect of magnesium stearate on the strength of Glucidex IT21 ribbons (3 
repeats). 
 
7.4 Roller Gap 
 
The roller gap is a parameter which can be varied during the continuous 
roller compaction process to control ribbon production. Previous work 
has been carried out by Gupta, Peck et al. (2004) and Lim, Dave et al. (2011), 
investigated the effect of varying the roller speed on ribbon properties 
using a variable roll gap. This showed that increasing the roll speed 
reduced ribbon tensile strength and increased ribbon porosity as the 
roller gap reduced. However, no literature, to the author’s knowledge, has 
been carried out to investigate the strength of the ribbon whilst 
maintaining a constant gap by controlling the screw feed speed.  
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As shown in Section 5.4.3, Johanson’s theory can be used to predict the 
effect of varying the roller gap on the maximum normal stress applied to 
the powder during roller compaction. Figure 5.10 shows this relationship 
along with the roller gap-nip angle relationship. The figure shows that the 
nip angle very slightly increases with increasing gap, which would also 
suggest that the maximum normal stress would increase with roller gap. 
However, the maximum normal stress actually decreases with roller gap 
as there is a larger volume of space for the material. This would mean that 
the physical properties of ribbons would change with varying roller gap. It 
is consequently predicted that ribbon strength will decrease and the 
ribbon porosity will increase with increasing roller gaps.  
7.4.1 Method 
Glucidex IT21 was equilibrated to Tg-T=52.5 in the Binder KMF 240 
climatic chamber prior to compaction. To confirm that the powder had 
been equilibrated the water activity was verified using the Rotronic 
HygroLab2. Ribbons were then produced in the WP120 using different 
roller gaps (1.5-3.5 mm), a hydraulic pressure of 30 bar and a roll speed of 3 
rpm, whilst utilising the inbuilt gap control feedback mechanism. This 
meant that the different screw feed speeds were used to maintain the 
constant gaps. Table 7.1 shows the average screw feed speed required to 
maintain each of the gaps at 30 bar hydraulic pressure. The feed screw 
speed obviously increases with roller gap as more powder between the 
rollers is required. 
Gap (mm) 
Feed screw speed 
(rpm) 
1.5 20 
2 27 
3 43 
3.5 58 
Table 7.1 – Feed screw speed required to maintain a constant gap of 2 mm 
at 30 bar hydraulic pressure 
197 | P a g e  
 
The ribbons with different thicknesses were analysed in terms of their 
strength and porosity. The porosity of the ribbons was assessed by 
measuring their volume and mass. Their tensile strength was obtained 
using the three point bend test method. 
7.4.2 Results 
Figure 7.10 shows the maximum breakage force required to break the 
ribbons during the three point bend test measurement and tensile 
strength values for Glucidex IT21 ribbons produced using different roller 
gaps. It can be seen that the maximum breakage force increases with 
increasing gap size as the thicker ribbons require more force to break 
them. However, it can also be seen that the tensile strength of the ribbons 
tends to slightly decrease with increasing roller gap as this normalises the 
data to compensate for the difference in thicknesses.  
 
Figure 7.10 – Maximum breakage force and tensile strength of Glucidex 
IT21 ribbons at different roller gap sizes using a roller speed of 3 rpm and 
30 bar hydraulic pressure.  
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Figure 7.11 shows the average ribbon porosity against roller gap and feed 
screw speed. It shows that there is an insignificant change in ribbon 
porosity with increasing roller gap. Both of these results, Figure 7.10 and 
7.11, are not as predicted by Johanson’s theory which predicts a significant 
decrease in the normal stress with increasing gap size, therefore 
suggesting that there should be a significant increase and reduction in 
porosity and tensile strength respectively. However, previous work 
showed that the ribbon temperature also did not follow the results 
predicted by Johanson’s theory in that there was an increase in ribbon 
temperature with increasing gap size, see Figure 5.9, even though the 
theory predicts a decrease in maximum normal stress applied with 
increasing gap size, see Figure 5.10 in Section 5.4.3. This was suggested to 
be due to an increasing screw feed speed as higher friction caused a higher 
temperature rise. Table 7.1 shows that with an increasing gap the feed 
screw speed increases significantly to maintain the gap. This would 
therefore negate the effect of the reduced maximum normal stress applied 
to the powder and explain the results in Figure 7.10 and 7.11. 
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Figure 7.11 – Porosity of Glucidex IT21 ribbons produced using varying 
feed screw speeds at 30 bar hydraulic pressure 
As these results did not follow results from Johanson’s theory, a similar 
experiment was carried out using a crystalline material, sodium chloride, 
which is assumed to be less affected by the increasing temperatures 
during processing because of its very high melting point. Ribbons were 
produced at 2.5 and 4 mm roller gaps using a roller speed of 3 rpm at 
different hydraulic pressures. A roller gap below 2.5 mm was not possible 
due to the limit on the lowest feed screw feed speed. At hydraulic 
pressures above 100 bar using a gap of 4 mm the ribbon started to split 
down the centre, see Figure 7.12. This phenomenon has been shown in 
previous literature when using micro-crystalline cellulose with a high 
moisture content. It was attributed to the centre of the ribbon having a 
lower tensile strength, although no further explanation was provided 
(Wu, Hung et al. 2010). The feedback mechanism also found it difficult to 
maintain a 4 mm gap above this pressure due to the upper limit of the 
feed screw speed. The average porosity of the ribbons was assessed by 
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measuring their volume and mass. Their strength was assessed by using 
the ball milling method.  
 
Figure 7.12 – Image showing a sodium chloride ribbon split during 
production at 120 bar pressure, 4 mm gap and 3 rpm roller speed 
 
Figure 7.13 – Strength of sodium chloride ribbons with varying hydraulic 
pressure and different roller gap sizes (3rpm roller speed)  
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Figure 7.13 shows that the fragment size, d63, increases for all increasing 
hydraulic pressures. There is only one data point which directly compares 
the effect of roller gap on the strength of ribbons (100 bar). This shows 
that an increase in roller gap decreases the strength of the ribbon.  
However, the gradients of the best fit lines for the data can be used to 
predict d63 values for more hydraulic pressures for both roller gaps. This 
then shows that the d63 values for a roller gap of 2.5 mm are higher than 
those for 4 mm, therefore supporting the 100 bar result.  This result 
follows Johanson’s theory which suggests that decreasing the gap will 
increase the maximum normal stress applied to the powder, see Figure 
5.10 in Section 5.4.3, therefore increasing the strength of ribbons. 
 
Figure 7.14 – Porosity of sodium chloride ribbons produced using varying 
hydraulic pressure and gap sizes (3 rpm roller speed)  
Figure 7.14 shows that the average porosity decreases with increasing 
hydraulic pressure. It also shows that ribbon porosity decreases with 
decreasing roller gap. This supports Johanson’s results and the strength 
results shown in Figure 7.13. 
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7.5 Discussion 
 
The results from the roller gap study showed that the physical properties 
of the Glucidex IT21 ribbons did not follow the results suggested by 
Johanson’s theory. However, they also showed the opposite for the 
sodium chloride ribbons. This implies that it is the increase in powder 
temperature during the process, which has a more substantial affect on 
the amorphous material than the crystalline material, which causes this 
result. This temperature increase, due to increased friction, negates some 
of the effect of the reduced normal stress applied to the material when 
using a larger roller gap for Glucidex IT21. This explains why the decrease 
in strength is only minor and there is nearly no change in porosity with 
varying roller gaps for Glucidex IT21. The increased temperature causes 
more sintering between the powder particles which reduces the porosity 
and increases the strength. 
A similar effect can be seen for the roller speed study. Although the effect 
of the roller speed on the maximum normal stress cannot be predicted, a 
decrease in strength with increasing roller speed was expected as the 
dwell time decreases. However, the results show that the strength of the 
ribbons seems unaffected by increasing the roller speed. Again, this was 
explained by the increase in temperature caused due to higher screw feed 
speeds required as the roller speed increased and the gap was maintained.  
These results therefore suggest that the physical properties of Glucidex 
IT21 ribbons are not only dependent on the hydraulic pressure but are 
also affected by the screw feed speed. This is because this also affects the 
temperature of the material during processing, which determines the 
amount of sintering between the powder particles. However, it is clear 
that of the two, the hydraulic pressure is the dominant influence.  
From the other results, it was shown that cooling the rollers has no affect 
on the physical properties of the Glucidex IT21 ribbons as it does not 
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affect either the screw feed speed or the hydraulic pressure. Lubricating 
the powder, on the other hand, reduces both the powder friction and the 
stress applied to the material due to the rollers and, therefore, decreases 
the strength of the ribbons.  
7.6 Conclusion 
 
The aim of this chapter was to investigate the relationship between 
process parameters and ribbon properties and how the properties link to 
ribbon temperature. It was proposed that the relationships between 
process parameters and ribbon properties could be predicted by assuming 
that the stress applied to the powder was the only important parameter. 
However, this work has shown that the screw feed speed also has an 
influence over amorphous ribbon properties as it also affects the 
temperature of the material. Although it appears the influence of the 
screw feed speed is less than that of the stress, it should still be 
considered when estimating amorphous ribbon properties. It is thought 
that this will not affect most crystalline materials as they are less 
sensitive to changes in temperature.  
 
 
 
 
 
 
 
 
 
204 | P a g e  
 
Chapter 8 - Discussion 
8.1 Creating the Bonding Map 
 
One of the aims of this work was to determine the dominant bonding 
mechanisms occurring in a ribbon produced from an amorphous material, 
Glucidex IT21. In Chapter 4 it was shown that both key factors, the Tg-T 
value of the powder and the normal stress applied to the powder, affected 
the strength and porosity of ribbons. Therefore, these both had an 
influence over the bonding mechanisms between particles. The different 
mechanisms were identified, along with support from other results, using 
the ball milling method which demonstrated changes in the fragment size 
of ribbons.  
Figure 8.1 shows the result of fragment size, d63, of the ribbons plotted 
against different hydraulic pressures with varying Tg-T values. As 
previously mentioned, in Chapter 4, there appears to be two different 
changes in the breakage behaviour which indicate a change in the 
dominant bonding mechanism. These are identified by i) as the ribbon 
strength starts to increase at a much higher rate, which signifies micro-
sintering between the particles, and ii) as the ribbon strength reaches a 
maximum which signifies that the particles have completely sintered 
together creating one uniform solid material. Both of these are identified 
on the figure by the dashed lines.  
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Figure 8.1 – Ball milling results showing ribbon fragment sizes for varying 
hydraulic pressures and Tg-T values. Also shown are the two suggested 
bonding transition lines, ‘Micro-sintering’ and ‘Sintering’ 
Both of these lines represent the start of a particular type of bond 
occurring between particles which, as previously mentioned, is dependent 
on both the water content of the material, the Tg-T value, and the 
hydraulic pressure or normal stress applied to the material. The position 
of the lines was primarily selected by considering the change in fragment 
size, d63, with hydraulic pressure. However, to provide further support to 
their position the ribbon porosity along each of the lines was obtained 
and compared. This was carried out by firstly obtaining the value of the 
hydraulic pressure at the intersection between each of the two theoretical 
boundary lines and the five different Tg-T lines, interpolating where 
necessary. The corresponding porosity for these particular hydraulic 
pressures and Tg-T values was then obtained from experimental date in 
Figure 6.14 in Section 6.4.1. These porosity values for both the ‘Micro-
sintering’ and ‘Sintering’ boundaries are shown in Figure 8.2 plotted 
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against their individual Tg-T value. The corresponding hydraulic pressure 
from Figure 8.1 for each data point is also labelled on the figure for clarity. 
 
Figure 8.2 – Porosity values corresponding to different Tg-T and hydraulic 
pressure values indicated by the Micro-sintering and Sintering dashed 
lines in Figure 8.1 
Figure 8.2 shows that the five different porosity values obtained from the 
‘micro-sintering’ line are all relatively similar at around 20% (±2%), even 
though the hydraulic pressure at these points is significantly different 
(from 30 to 80 bar). The same can be seen for the five porosity values 
obtained from the ‘sintering’ line which are all very similar at around 5%, 
again, even though the hydraulic pressures are significantly different 
(from 100 to 150 bar). The fact that these porosity values are so similar for 
all the different Tg-T and hydraulic pressure values supports the theory 
that these lines fit correctly with the experimental data and represent 
transitions from one bonding type to another.  
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the initial powder. The hydraulic pressure and Tg-T values for the data 
points shown in Figure 8.2 were plotted against each other and can be 
seen in Figure 8.3. Fitting lines were then added to the data and these 
lines identify the transitions for micro-sintering and sintering with their 
respective porosity values of around 20% and 5%. The micro-sintering line 
was extended to intercept zero on both the X and Y-axis as this is the glass 
transition temperature where the particles/material will begin to sinter 
even when no external normal stress is applied to them/it. 
The line labelled Tg was then plotted on the figure and signifies the point 
at which the temperature of the powder will surpass its glass transition 
temperature. This will cause a sudden reduction in viscosity causing the 
powder to turn into more of a viscous paste than solid. The data for this 
was obtained by combining the experimental data from the hydraulic 
pressure-ribbon temperature relationship, obtained using the thermal 
camera, see Figure 5.2 in Section 5.3, and the glass transition temperature 
and water content data, see Figure 3.3 in Section 3.1.2. It is worth noting 
that this data is likely to be an underestimate and actually the line should 
have a slightly larger gradient. This is because the experimental 
temperature data used was the surface temperature of the ribbons after 
exiting the roller compactor and it is thought the actual temperature 
during maximum powder compression in the roller compactor would be 
slightly higher. Again, this line must intercept both axes through point 
zero.  
A final line, labelled Van der Waals, has also been plotted. This signifies 
the point at which interparticulate forces, such as Van der Waals forces, 
cause particles to adhere to create an agglomerate/ribbon. However, the 
lines position is only suggested and is not based on any experimental data 
as the minimum hydraulic pressure in the WP120 is relatively high at 20 
bar and produces a ribbon. It has therefore been added based on 
experience gained from roller compaction experimentation. Further work 
investigating this subject is suggested in the future work (Section 8.4) of 
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this thesis. However, the porosity value of 50% suggested is the highest 
ever recorded experimentally using the WP120 and so has been added to 
the figure.  
 
Figure 8.3 – Bonding map for amorphous materials.                 
 Line Key: x - Van der Waals,  - Micro-sintering, - Sintering 
and - Tg 
8.2 Using the Bonding Map 
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The Tg line defines the limits at which the material will surpass its glass 
transition temperature due to the heat generated during the process. If 
this occurs then no ribbon will be produced as the material becomes a 
viscous paste and sticks in the roller compactor, see Figure 8.4. 
 
 
Figure 8.4 – Image of Glucidex IT21 becoming a paste during the process 
due to the high temperatures 
The Van der Waals line outlines the limit for ribbon production. To the 
left of it, i.e. at lower stresses, the interparticulate forces are not greater 
than the weight force and so the particles do not bond together. To the 
right of it, i.e. higher stresses, the interparticulate forces increase as the 
material deforms. They then become greater than the weight force and the 
particles bond together to create a very weak, porous ribbon (~50%). 
Increasing the stress further, assuming the powder is above the Tg line 
towards the micro-sintering line, increases the interparticulate forces 
creating a stronger, less porous ribbon. The micro-sintering line then 
defines the limit at which small contacts between particles come together 
causing very high local stresses and temperatures. These contacts then 
sinter together creating small solid bonds between the particles, 
therefore, increasing the strength of the ribbon and decreasing the 
porosity to around 20%. Increasing the stress further increases the size of 
these solid bonds, again increasing the strength and reducing the porosity 
of the ribbon. The sintering line then defines the limit at which the 
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material is very close to its glass transition temperature. At this point the 
high stresses applied to the powder force the particles to completely 
sinter together, creating a nearly non porous, uniform material of around 
5% porosity.   
Although this map has been created using Glucidex IT21 for the WP120 
roller compactor, the idea of using parameters which are non-specific to 
this material and process (i.e. Tg-T and normal stress) was to produce a 
general bonding map for dry agglomeration processes for amorphous 
materials. This means that it could also be used to predict the bonding 
type and, therefore, porosity for other amorphous agglomerates, such as 
tablets. This prediction capability will save a lot of time and therefore 
other resources. It also shows that different variations of the stress and 
Tg-T value can be used to obtain agglomerates with similar physical 
characteristics, i.e. a lower Tg-T requires less stress to obtain a certain 
porosity value. This could also help to save money in the long term when 
considering process energy usage.  
In terms of predictive capability for other materials though, this does 
need to be further tested before use. This is because the different chemical 
and molecular structure of other amorphous materials will mean different 
deformation behaviours. This will change the stress-temperature 
relationship as well as how the material behaves at certain Tg-T values. 
Also, although other dry agglomeration processes, such as tabletting, 
work using the same premise of compressing the material together, the 
way the stress is applied to the material and the amount of shear stress is 
something that needs to be considered.  
Two other parameters which should also be considered in future work, as 
an addition to the bonding map, are the process time and initial particle 
size. In Section 7.1.2, roller speed was shown to have little effect on the 
strength of ribbons, however, this was thought to be due to the effect of 
the feed screw speed which negated the reduced compaction time. This 
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would not be the case, for example, for tabletting. Also, due to the limits 
with the equipment, the compaction time could not be varied that 
significantly. Different initial particles sizes have shown to effect the 
physical properties of both tablets and ribbons in other publications 
(Sebhatu and Alderborn 1999; Herting and Kleinebudde 2007). Work 
carried out using different sized sodium chloride particles in the WP120 
also revealed an effect on both ribbon porosity and strength, see the 
Appendix. It is therefore also an important parameter to consider. 
8.3 Conclusion 
 
One of the aims of this thesis was to try to determine the dominant 
particle bonding mechanism occurring in an amorphous (Glucidex IT21) 
ribbon. If this was successful, one of the main aims was to use this 
information to produce a map which outlines the conditions required to 
achieve certain dominant bonding mechanisms and, therefore, ribbon 
physical characteristics, which could be used as a predictive tool. Both of 
these aims were carried out successfully and the map can be used as a 
basis for estimating characteristics of an amorphous agglomerate 
produced using dry agglomeration processes.  
This was achieved by using a novel method of measuring the breakage 
strength of ribbons using ball milling and this was proven to have 
advantages over conventional strength test methods. The results from 
this method, along with other results such as porosity and SEM images as 
support, were used to determine that the dominating bonding 
mechanisms were Interparticulate forces and solid bonding. It was 
concluded that the extent of bonding between the particles is dependent 
on both the Tg-T value of the powder and the stress applied to the powder. 
This is because both affect the material’s behaviour with respect to 
temperature, which has been shown to be an extremely important 
parameter to consider during dry agglomeration of an amorphous 
material.  
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This work has verified for the first time, the extent to which powder 
temperatures increase during compaction in real time. It was concluded 
that ribbon temperature was directly related to the maximum normal 
stress applied to the material and also related to the feed screw speed. The 
temperature of the ribbons was shown to be material dependent but not 
affected by the moisture content. This is because the moisture content 
does not affect the normal stress applied to the material during 
processing.  
It was experimentally proven that Johanson’s theory can be used to 
predict the normal stress applied to the Glucidex IT21 powder in the 
WP120 roller compactor. This was an important result as it meant that the 
relationship between the hydraulic pressure and maximum normal 
pressure could be obtained. This allowed all the results in this work, 
specifically the bonding map, to be independent of the material and 
process.  
8.4 Future Work 
 
Throughout the thesis there have been a number of suggestions of areas of 
research which could relate and help to further develop the work carried 
out. These will be discussed in more detail in this section.   
8.4.1 Material Deformation and Temperature 
This work has shown that material temperature plays a very significant 
role in bonding particles together. In Chapter 5 it was shown that the 
pressure-temperature relationship was material dependent. It is suggested 
that this is because of the different compressibility and deformation 
behaviour of the materials. If this is true and a relationship between them 
could be obtained, then this would act as a useful prediction tool for 
industry. Therefore, it is recommended that investigations into the link 
between material properties, specifically the compressibility and powder 
temperature observed during compression, are carried out.  
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8.4.2 Roller Speed 
Although the effect of roller speed on physical properties has been 
investigated in this work and in previous literature, there is still many 
avenues for future study. In this work it was shown that varying the roller 
speed, whilst maintaining a constant gap, had little influence over the 
strength of ribbons. This suggests that roller speed has no effect on ribbon 
physical properties. If this is the case then it is a simple way of varying the 
production rate of ribbons without having to consider the effect on the 
final product. Further investigation into the effects of roller speed on 
ribbon porosity is therefore required, especially at more extreme speeds.  
Also, the roller speed is not taken into consideration in Johanson’s theory 
and so it cannot be predicted whether it will affect the normal stress 
applied to the material. However, in the model it is assumed that there is 
relative velocity between the slip region and the roller. This should be 
investigated further by use of particle image velocimetry (PIV). If this 
assumption is invalid, then roller speed should be incorporated into the 
model to improve its accuracy.  
8.4.3 Different Materials 
Throughout this work it has been mentioned that there have been limits 
to which Glucidex IT21 ribbons can be produced using the WP120 roller 
compactor. These were limits relating to the feed screw speed, the roller 
speed and the roller gap. In Chapter 7 it was shown that these limits were 
significantly different for sodium chloride. It is suggested that these limits 
are related to the flowability of a material but could also be related to a 
number of other material properties. If a link between the material 
properties and the working ranges of the roller compactor could be 
identified, then this could help resolve issues for materials which are 
difficult to dry granulate.  
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Appendix 
 
 
Figure 1A – Output figure from the ring shear cell results from the internal 
friction of Glucidex IT21 
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Figure 2A – Fortran code used to integrate to find Q in the equation used 
in Johanson’s theory 
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Effect of Ribbon Surface on the Temperature Reading of 
the Thermal Camera 
 
A small experiment was carried out to verify that the surface of the ribbon 
was not altering the temperature reading provided by the thermal camera. 
Ribbons produced at 30 bar and 180 bar, using powder equilibrated to the 
same temperature and humidity, were stored in an oven at 40°C for 24 
hours. The ribbons were then placed next to each other so that images 
could be taken using the camera, see Figure 3A. As can be seen from the 
figure the temperature was slightly different between the two ribbons. It 
was found that the temperature of a 30 bar ribbon showed a slightly lower 
temperature than that of a 180 bar ribbon with the average difference 
being around 1 °C.   
 
Figure 3A – Thermal camera image showing a slight difference in ribbon 
temperature due to the different surface finish. (150 bar: left, 30 bar: right) 
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Macro code for thermal camera data 
Sub PlaySequence_Click() 
Dim sess As Object 
Dim row As Integer 
Dim col As Integer 
row = 1 
col = 10 
' Get a reference to the ThermaCAM™ Researcher object 
Set sess = _ 
Worksheets("Sheet1").OLEObjects("Object 1").Object 
' Move to the first image in the session 
sess.GotoFirstImage 
' Start a loop that iterates through all images 
' in the session 
Do While True 
' Store IR image time and spotmeter temperatures 
' in the cells 
Worksheets(1).Cells(row, col).Value = _ 
sess.GetNamedValue("ar1.max") 
Worksheets(1).Cells(row, col + 1).Value = _ 
sess.GetNamedValue("sp1.temp") 
' Leave col + 2 for the difference sp02 - sp01' 
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Worksheets(1).Cells(row, col + 3).Value = _ 
sess.GetNamedValue("time") 
If sess.IsLastImage Then 
Exit Do 
End If 
' Load next image in the session and 
' increment the row counter 
sess.StepForward 
row = row + 1 
Loop 
End Sub 
Figure 4A – Excel macro code used to analyse the individual frames for 
the maximum temperature 
 
Figure 5A – Sodium chloride exit ribbon temperature for varying roller 
speeds and hydraulic pressure 
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Figure 6A – Mass flow rate of material to the rollers 
 
 
Figure 7A – Relationship between screw speed and mass rate 
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Figure 8A – Comparison between d63 value and fitting parameter xc for 
Glucidex IT21 ribbons produced at different hydraulic pressures at 3 rpm 
 
 
Figure 9A – Comparison between d63 value and fitting parameter xc for 
Glucidex IT21 ribbons produced at different hydraulic pressures at 4 rpm 
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Figure 10A – Comparison between d63 value and fitting parameter xc for 
Glucidex IT21 ribbons produced at different hydraulic pressures at 5 rpm 
 
Figure 11A – Comparison of the strength results for Glucidex IT21 ribbons 
obtained via the two different methods of ball milling and three point 
bend test 
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Effect of Particle Size on Sodium Chloride Ribbon 
Physical Properties 
 
Two different particle sizes of sodium chloride were used in this 
experiment. The initial particle size distributions of the two powders are 
shown below in Figure 12A. It can be seen that one has a volumetric 
median value (x50.3) size of 110 µm and the other 460 µm.  The sodium 
chloride with a smaller volumetric median size also has a small amount 
(<2%) of an anti-caking agent added to it, calcium phosphate (E341).  
 
 
Figure 12A – Cumulative volume particle size distributions for the types of 
sodium chloride 
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Figure 13A shows that the smaller sodium chloride particles with the 
added anti-caking agent produce a significantly stronger ribbon compared 
to the larger sodium chloride particles.  
 
Figure 13A – Tensile strength of sodium chloride ribbons 
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the increase in the ribbon strength and that actually this could 
potentially reduce the strength as it reduces inter-particulate stress. 
 
Figure 14A – SEM images of sodium chloride ribbon surfaces produced 
using different initial particle sizes 460 µm (left), 110 µm (right) 
 
